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ABSTRACT
Context. The Perseus cluster is one of the most massive nearby galaxy clusters and is fascinating in various respects. Though the
galaxies in the central cluster region have been intensively investigated, an analysis of the galaxy population in a larger field is still
outstanding.
Aims. This paper investigates the galaxies that are brighter than B ≈ 20 within a field corresponding to the Abell radius of the Perseus
cluster. Our first aim is to compile a new catalogue in a wide field around the centre of the Perseus cluster. The second aim of this
study is to employ this catalogue for a systematic study of the cluster galaxy population with an emphasis on morphology and activity.
Methods. We selected the galaxies in a 10 square degrees field of the Perseus cluster on Schmidt CCD images in B and Hα in com-
bination with SDSS images. Morphological information was obtained both from the ‘eyeball’ inspection and the surface brightness
profile analysis. We obtained low-resolution spectra for 82 galaxies and exploited the spectra archive of SDSS and redshift data from
the literature.
Results. We present a catalogue of 1294 galaxies with morphological information for 90% of the galaxies and spectroscopic red-
shifts for 24% of them. We selected a heterogeneous sample of 313 spectroscopically confirmed cluster members and two different
magnitude-limited samples with incomplete redshift data. These galaxy samples were used to derive such properties as the projected
radial velocity dispersion profile, projected radial density profile, galaxy luminosity function, supermassive black hole mass function,
total stellar mass, virial mass, and virial radius, to search for indications of substructure, to select active galaxies, and to study the
relation between morphology, activity, density, and position. In addition, we present brief individual descriptions of 18 cluster galaxies
with conspicuous morphological peculiarities.
Key words. galaxies: clusters: individual: Perseus – galaxies: luminosity function, mass function – galaxies: evolution – galaxies:
interactions – galaxies: active
1. Introduction
Galaxy clusters are the largest gravitationally bound structures
in the Universe and they are powerful tracers of the structures
of matter on the largest scales. The mass of galaxy clusters is
thought to be dominated by an unseen and presumably collision-
less component of dark matter (∼ 85%) and a diffuse, hot intra-
cluster gas (intracluster medium, or ICM). The baryonic matter
in the cluster galaxies contributes only a few per cent to the clus-
ter mass. However, rich clusters host enough galaxies to provide
a fascinating laboratory for studying not only cluster properties,
but also key processes of galaxy evolution under diverse external
influences.
Understanding the role of environmental effects on galaxy
properties is crucial to understand galaxy evolution. In the local
Universe, the galaxies populate two distinct areas in diagrams
showing colour versus luminosity or star formation rate (SFR)
versus stellar mass: a red sequence of passive, mostly early-type
galaxies and a blue cloud of star-forming galaxies, which are
mostly of late morphological types (Strateva et al. 2001; Blan-
? The full galaxy catalogue is only available in electronic form at
the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
ton et al. 2003; Baldry et al. 2004; Eales et al. 2018). Many stud-
ies have found that galaxy properties depend on local density,
with red-sequence galaxies preferably found in dense regions of
galaxy clusters and blue-cloud galaxies in less dense environ-
ments (e.g. Dressler 1980; Postman & Geller 1984; Balogh et al.
2004; Rawle et al. 2013; Crone Odekon et al. 2018; Liu et al.
2019; Mishra et al. 2019), though other studies concluded that
environment only has a little effect once the morphology and lu-
minosity of a galaxy is fixed (e.g. Park et al. 2008; Davies et al.
2019; Man et al. 2019). It has also been suggested that large-
scale structure has an important affect on galaxy evolution be-
yond the known trends with local density (e.g. Rojas et al. 2004;
Hoyle et al. 2005; Fadda et al. 2008; Biviano et al. 2011; Koyama
et al. 2011; Chen et al. 2017; Vulcani et al. 2019).
In a cluster environment, galaxies are subject to interactions
with other galaxies, with the cluster gravitational potential well,
and with the ICM (for a review see Boselli & Gavazzi 2006).
These processes may influence fundamental properties like SFR,
stellar mass assembly, colour, luminosity, and morphology, and
they may cause galaxies to migrate from the blue cloud to the
red sequence, and probably back. Tidal interactions and mergers
of galaxies, a key mechanism of structure evolution in hierarchi-
cal models, can act as triggers for star formation (SF; Toomre
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& Toomre 1972; Larson & Tinsley 1978; Barton et al. 2000;
Hopkins et al. 2008; Holincheck et al. 2016) and can perturb the
structure of the involved galaxies on time-scales of the order of
a gigayear (Gyr; e.g. Mihos & Hernquist 1996; Di Matteo et al.
2007; Duc & Renaud 2013). Slow encounters and major mergers
are unlikely to occur in the dense cluster core regions where the
velocity dispersion is high (∼ 1000 km s−1), but may play a role
in the cluster outskirts where galaxy groups are falling into the
cluster potential. As a galaxy passes through the ICM, ram pres-
sure can strip out its interstellar medium (Gunn & Gott 1972) and
gas-rich galaxies can lose more and more of their cold gas reser-
voir for SF. Ram pressure stripping seems evident both from dy-
namical simulations (e.g. Abadi et al. 1999; Roediger et al. 2006)
and from observations of cluster galaxies (e.g. Oosterloo & van
Gorkom 2005; Lee et al. 2017) that show tails of neutral hydro-
gen and also of molecular gas clouds. Interactions may also stall
the supply of external gas. Such ‘strangulation’ or ‘starvation’
has been identified as one of the main mechanisms for quenching
star formation in cluster galaxies (e.g. Larson et al. 1980; Peng
et al. 2015), although the exact physical mechanism is still un-
known. The combined effect of tidal interactions of an infalling
galaxy with the cluster potential and of subsequent high-speed
encounters with other cluster members (‘galaxy harassment’) is
also thought to be suitable for quenching the SF activity and
causing morphological transformations from late-type to early
types (e.g. Moore et al. 1996; Bialas et al. 2015). Other rele-
vant processes include minor mergers (e.g. Kaviraj 2014; Martin
et al. 2018) and gas outflow caused by the feedback of an ac-
tive galactic nucleus (AGN; e.g. Fabian 2012; Heckman & Best
2014; Harrison et al. 2018). Although the relative importance of
the various processes remains a matter of debate, it is very likely
that at least some of them play a role in the evolution of cluster
galaxies. The environmental dependence of galaxy properties is
discernible from the comparison of the galaxy populations in the
dense core and the outer regions where infalling galaxies begin
to experience the influence of the cluster environment (e.g. Di-
aferio & Geller 1997; Meusinger et al. 2000; Verdugo et al. 2008;
Behroozi et al. 2014; Zinger et al. 2018).
The present paper deals with the Perseus cluster (Abell 426;
hereafter A 426), a nearby (z ≈ 0.0179), massive, rich galaxy
cluster of Bautz-Morgan class II-III and Rood-Sastry type L
(Struble & Rood 1999). It has long been known that the galaxy
population in the core region of the Perseus cluster is domi-
nated by passive, early-type galaxies and exhibits an exception-
ally strong deficiency of spirals (e.g. Kent & Sargent 1983). The
Perseus cluster marks the east end of the about 100 Mpc large
Perseus-Pisces supercluster and lies close to the border of the
Taurus void (Batuski & Burns 1985). There is observational ev-
idence of the galaxy population in the surroundings of cosmic
voids to have a higher specific star formation rates (sSFR) and
a higher percentage of later morphological types compared to
regions of higher density, which is probably not fully explained
by the increased proportion of low-mass galaxies in low-density
regions (e.g. Moorman et al. 2016; Ricciardelli et al. 2017).
The Perseus cluster is the brightest cluster of galaxies in the
X-ray sky (Edge et al. 1990). The X-ray emission from the hot
intracluster medium (ICM), which dominates the baryonic mass
in the cluster, is sharply peaked on NGC 1275, but the X-ray
centroid is not identical with the centre of the optical galaxy
(Branduardi-Raymont et al. 1981). Because the radiative cool-
ing time of the ICM in the core is much less than the Hubble
time, a cooling flow of more than 100 M yr−1 has been pre-
dicted if there would be no re-heating source (Fabian 1994). The
Perseus cluster was one of the first galaxy clusters where an ex-
ample of energetic feedback from the central active galactic nu-
cleus (AGN) was observed: Cavities in the ICM are filled with
radio emission from the AGN, which is pumping out relativistic
electrons into the surrounding X-ray gas (Branduardi-Raymont
et al. 1981; Boehringer et al. 1993; Fabian et al. 2011a). Deep
Chandra images revealed fine structures in the ICM, such as bub-
bles, ripples and weak shock fronts within about 100 kpc from
the core that are thought to be related to the activity of the AGN
in NGC 1275 and to the re-heating of the cooling gas (Mathews
et al. 2006; Fabian et al. 2011a).
Although appearing relatively relaxed, e.g. compared to
other nearby clusters, there is some indication that the Perseus
cluster is not yet virialised: the deviation from spherical symme-
try indicated by the chain of bright galaxies, the non-uniform dis-
tribution of morphological types (Andreon 1994), the displace-
ment of the X-ray centroid from the centre of the optical galaxy
positions (Ulmer et al. 1992), and the large-scale substructures
in the X-ray emission (Churazov et al. 2003). The global east-
west asymmetry, along with other structures in the distributions
of the temperature and surface brightness of the hot gas can be
modelled as due to an ongoing merger close to the direction of
the chain of bright galaxies (Churazov et al. 2003; Simionescu
et al. 2012). A spiral-like feature extending from the core out-
wards is interpreted as a sloshing cold front (Ichinohe et al. 2019,
and references therein). Gas sloshing observed on larger scale
might be related to a disturbance of the cluster potential caused
by a recent or ongoing merger (Markevitch & Vikhlinin 2007).
Cluster mergers produce large-scale shock waves in the intra-
cluster medium (ICM) where frequently Mach numbers two to
four are measured. These shock fronts may affect the interstellar
medium and thus the SF properties of cluster galaxies (Mulroy
et al. 2017).
It has long been known that the Perseus cluster harbours a ra-
dio mini-halo (e.g. Ryle & Windram 1968; Soboleva et al. 1983).
The rare phenomenon of a radio mini-halo typically occurs in a
cool-core cluster and is thought to characterise a relaxed sys-
tem. Fabian et al. (2011a) noted interesting correlations between
structures in the radio and X-ray maps. More recently, Gendron-
Marsolais et al. (2017) presented low-frequency VLA observa-
tions at 230-470 MHz that reveal a multitude of structures related
to the mini-halo in the Perseus cluster. These structures seem to
indicate the influence of both the AGN activity and a sloshing
motion of the cool core cluster’s gas. In addition, these authors
argue that there is a filamentary structure similar to that seen in
radio relics, which are found in merging clusters only where they
are thought to be related to shock fronts. There is, however, no
indication of a shock front at this position in Perseus. A several
Mpc long diffuse polarisation structure has been detected at 350
MHz and tentatively attributed to a shock front caused by gas in-
fall into the Perseus cluster along the Perseus-Pisces filamentary
structure (de Bruyn & Brentjens 2005). However, though con-
firmed in a re-investigation, this structure was found to be more
likely related to the Galactic foreground than to the Perseus clus-
ter (Brentjens 2011).
The brightest cluster galaxy (BCG) NGC 1275, close to the
centre of the Perseus cluster, exhibits a wide range of pecu-
liarities and has been the subject of a huge number of stud-
ies. (The NASA/IPAC Extragalactic Database1, NED, lists 1892
references.) Its morphological classification varies between the
types pec (peculiar), E pec, cD in NED, and S0 in Hyper-
Leda. NGC 1275 is the host of the strong radio source 3C84
and of an optical AGN of type S1.5 powered by a supermassive
1 https://ned.ipac.caltech.edu/
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black hole (SMBH) of approximately 8 108 M (Scharwächter
et al. 2013). The galaxy is surrounded by a huge, complex sys-
tem of emission-line filaments (Minkowski 1957; Lynds 1970;
Conselice et al. 2001; Gendron-Marsolais et al. 2018). A high-
velocity filament system has been related to the infall of a giant
low-surface brightness galaxy towards the cluster centre (Boro-
son 1990; Yu et al. 2015). The low-velocity system is apparently
dragged out by the rising bubbles of relativistic plasma from
the AGN and supported by magnetic fields (Hatch et al. 2006;
Fabian et al. 2008, 2011b). BCGs are often found to possess ex-
tended emission line nebulae and filaments that appear to be re-
lated to the ICM (Hamer et al. 2016). The morphological diver-
sity of the filamentary and clumpy emission, as revealed by HST
far-ultraviolet imaging, is reproduced by hydrodynamical simu-
lations in which the AGN powers a self-regulating process of SF
in gas clouds that precipitate from the hot atmosphere (Tremblay
et al. 2015).
The galaxy population in the Perseus cluster core region has
been investigated in several studies. De Propris & Pritchet (1998)
derived the I-band luminosity function down to I = 20 in a
147 arcmin2 field centred on NGC 1275. Conselice et al. (2002)
analysed the galaxy population in a field of about 170 arcmin2
that is centred on the second brightest cluster galaxy, NGC 1272,
observed with the WIYN 3.5 m telescope in U, B and R. They
found that the galaxies in the cluster centre are mostly relaxed
and composed of old stellar populations, whereas only a few
galaxies were found that are unusual and undergoing rapid evo-
lution. Based on the same observations, Conselice et al. (2003)
demonstrated that the low-mass cluster galaxies have multiple
origins where roughly half of them have stellar populations
and kinematic properties consistent with being the remnants of
stripped galaxies accreted into clusters several Gyr ago. Penny
et al. (2014) provided evidence that SA 0426-002, one of the
peculiar galaxies from Conselice et al. (2002), has morpholog-
ically transformed from a low-mass disc to dE via harassment.
Based on HST imaging, de Rijcke et al. (2009) investigated pho-
tometric scaling relations for early-type galaxies, ranging from
dwarf spheroidals, over dwarf elliptical galaxies, up to giant el-
lipticals, in different environments including the Perseus cluster
core. Wittmann et al. (2017) identified ultra-diffuse low-surface
brightness galaxies on deep V band images of a 0.3 deg2 field ob-
served with the 4 m William Herschel Telescope and concluded
that these galaxies cannot survive in the central region of the
cluster because of the strong tidal forces there. Primarily based
on the same observational material, Wittmann et al. (2019) pre-
sented a large and deep catalogue of 5437 morphologically clas-
sified sources.
Because of its size and proximity, the Perseus cluster cov-
ers a large sky area, the angular size of the Abell diameter 2
amounts to approximately 3.3 degrees. The wide field, in combi-
nation with the uncomfortable low Galactic latitude (b ≈ −15◦),
is probably the reason why the galaxy population in a larger
area of the cluster has been only marginally researched. Stud-
ies of the galaxy population that include the outer cluster re-
gions were based on relatively shallow surveys with Schmidt
telescopes (Melnick & Sargent 1977; Bucknell et al. 1979; Kent
& Sargent 1983; Poulain et al. 1992; Andreon 1994). Kent
& Sargent (1983) analysed the structure and dynamics of the
Perseus cluster based on a combined sample of 201 galaxies
with spectroscopic redshifts including a complete sample of 119
galaxies brighter than mp ≈ 16 within three degrees from the
cluster core selected on photographic plates from the Palomar
2 The Abell radius is RA = 1.5h−1 Mpc, i.e 2.14 Mpc for h = 0.7.
122 cm Schmidt telescope. Brunzendorf & Meusinger (1999)
used co-added digitised photographic plates from the Tauten-
burg 134 cm Schmidt camera to compile a morphological cat-
alogue of 660 galaxies brighter than B ≈ 19.5 in a field of about
10 square degrees centred on a position about 13 arcmin west
of NGC 1275. The catalogue was used in a subsequent study on
star-forming galaxies identified by their far-infrared (FIR) emis-
sion (Meusinger et al. 2000).
The aim of the present study is twofold: first, to create a re-
vised compilation of galaxies within about one Abell radius of
the Perseus cluster and secondly to provide a statistical analysis
of this new database. The new catalogue is based on a combi-
nation of CCD imaging and spectroscopic observations from the
Tautenburg 2 m telescope, the Sloan Digital Sky Survey (SDSS,
York et al. 2000; Abolfathi et al. 2018), and other telescopes.
The major improvements over the previous database are a fainter
magnitude limit, which leads to nearly twice as many galax-
ies, an improved morphological classification, a significantly in-
creased number of galaxies with redshift information, and the
combination with photometric data in the near infrared (NIR)
and mid infrared (MIR) from 2MASS (Skrutskie et al. 2006) and
WISE (Wright et al. 2010).
The paper is structured as follows. The observational
database is described in Sect. 2, followed by the description
of the catalogue in Sect. 3 and the selection of suitable clus-
ter galaxy samples in Sect. 4. These galaxy samples are then
used to analyse the cluster profiles and substructures (Sect. 5),
the morphology-density-position relation, the galaxy luminos-
ity function, and the mass function of supermassive black holes
(Sect. 6). Some properties of the sub-samples of star-forming
galaxies and AGN galaxies are discussed separately in Sect. 7,
Morphologically peculiar galaxies are the subject of Sect. 8. par-
ticularly interesting systems are discussed individually in Ap-
pendix B. Finally, the results are summarised in Sect. 9.
2. Observational data
2.1. Imaging
2.1.1. Tautenburg Schmidt CCD observations
We observed the Perseus cluster field repeatedly with the CCD
camera in the Schmidt focus of the TLS Tautenburg 2 m Alfred
Jensch telescope in the framework of a long-term monitoring
programme. In its Schmidt version, the telescope has a free aper-
ture of 134 cm, an unvignetted field of 3◦3, and a scale of 51.4
arcsec/mm. A 2k × 2k SITe#T5b CCD chip was used with 24 µm
pixels and a field size of 42′×42′. Because this programme con-
tinued a preceding monitoring with photographic plates in the B
band, the same band was used also for the CCD imaging. The
survey field was centred on NGC 1275 and adapted to the 10
square degrees field of the photographic plates. The field was
covered by 5 × 5 overlapping CCD frames. The CCD monitor-
ing consisted of seven campaigns between 2007 and 2013. On
average, each sub-field was observed 17 times with a higher ca-
dence for the central fields. The exposure time was 300 sec per
single exposure. Dome flats were taken for the flat-field correc-
tion. The usual technique for debiasing, flat-field correction and
cosmic filtering was applied. Finally, to improve the signal-to-
noise ratio, the corrected images of each sub-field were co-added
using weighting factors that take account of the different qual-
ity (Froebrich & Meusinger 2000). Although about one third of
the observations were taken under only moderate sky conditions,
the quality-weighted co-addition results in images that are about
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one mag deeper than the best single exposures. These co-adds
are useful for the galaxy selection and the evaluation of faint
extended morphological features, but suffer from an only mod-
erate spatial resolution. The astrometric calibration was based
on the USNO-B1.0 catalogue (Monet et al. 2003) and was per-
formed with the Graphical Astronomy and Image Analysis Tool
(GAIA)3.
Fig. 1. Hα image of the 4′5 × 4′5 region of the Perseus cluster around
NGC 1275 taken with the Tautenburg Schmidt camera.
In addition to the B band imaging, the Perseus cluster field
was observed through a narrow-band filter centred on redshifted
Hα at 6670 Å with a FWHM of 100 Å. At least two (but up to
five) 600 sec exposures were taken per sub-field. For a rough
continuum subtraction, additional R band images were obtained
with exposure times of 150 sec per frame. The most eye-catching
phenomenon in the Hα image is of course the well-known giant
system of emission-line filaments around NGC 1275 (Fig. 1).
2.1.2. Sloan Digital Sky Survey
The Sloan Digital Sky Survey (SDSS) has mapped roughly a
quarter of the high Galactic latitude sky in the five broad bands
u,g,r,i, and z with the 2.5 m telescope at Apache Point Obser-
vatory (York et al. 2000). The imaging scans were mostly taken
under good seeing conditions in moonless photometric nights.
Although not part of the main surveys of the SDSS, the Perseus
cluster region has been observed as one of the supplementary
fields. The data has been made available with the Data Release
5 (DR 5 Adelman-McCarthy et al. 2007) and DR 6 (Adelman-
McCarthy et al. 2008). The imaging scans were centred roughly
on the cluster core.
2.1.3. CAFOS at Calar Alto
The focal reducer camera CAFOS at the 2.2 m telescope of the
Centro Astronómico Hispano-Aleman (CAHA) at the Calar Alto
(CA) observatory, Spain, was used for the imaging of a rela-
tively small number of galaxies under good seeing conditions.
The galaxies were selected because of indications of uncommon
morphology or activity. 19 galaxies were imaged for a study of
3 http://star-www.dur.ac.uk/ pdraper/gaia/gaia.html
IRAS galaxies in the Perseus cluster (Meusinger et al. 2000) and
about the same number of other galaxies were observed in sub-
sequent observation runs at a typical seeing of about 1′′.0 to 1′′.5.
CAFOS was equipped with a SITe detector with a pixel scale of
0′′.5/pixel. The B, V, and R filters were used. The total exposure
times were between 600 s and 2000 s.
2.2. Spectroscopy
2.2.1. Sloan Digital Sky Survey
In addition to the imaging survey, SDSS obtained spectroscopy
for huge number of galaxies. The SDSS DR 14 (Abolfathi et al.
2018) contains useful spectra for roughly three million galaxies
and quasars. The imaging scans of the Perseus cluster region
were used by SDSS to target approximately 400 galaxies and 300
foreground F stars with the two special spectroscopic plates 1665
and 1666. The majority of the redshifts used in the present study
comes from SDSS (Sect. 3.3). However, the two spectroscopic
plates cover only about half the survey field (Fig. 2).
Fig. 2. Survey field with all galaxies in the final catalogue (black dots).
The galaxies with redshift information from all available sources are
labeled red. Larger green circles mark the galaxies with SDSS spec-
troscopy.
The spectra from the SDSS double fibre-fed spectrographs
cover a wavelength range from 3 800 Å to 9 200 Å with a resolu-
tion of 2 000 and sampling of 2.4 pixels per resolution element.
For a galaxy near the main sample limit, the typical signal-to-
noise ratio (S/N) is approximately 10 per pixel. For the regu-
lar plates, the SDSS spectroscopic pipeline provides flux and
wavelength calibrated spectra, redshifts, and line data, which
are available both from the SDSS Explorer pages and from ta-
bles in the Catalogue Archive Server (CAS). For special plates,
however, not all measurements are available from the SDSS ta-
ble specPhotoAll4. We downloaded redshifts and equivalent
widths of the lines Hβ, Hα, [O iii] 5007, and [N ii] 6584 via SQL
queries from the CAS tables specObjAll and galSpecLine.
4 See http://classic.sdss.org/dr6/products/spectra/
index.html#specialquery
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2.2.2. Tautenburg and Calar Alto spectroscopy
Optical low-resolution spectroscopy data were collected also
with the 2.2 m CAHA telescope on Calar Alto and with the TLS
Tautenburg 2 m telescope in several observation runs. All spectra
were obtained in long-slit mode using a slit width of 1′′ to 2′′,
depending on the seeing conditions. The slit centre was always
positioned at the core of the galaxy.
For 17 galaxies spectra were obtained with CAFOS at the
Calar Alto observatory in the framework of a backup pro-
gramme. The grism B-400 was used with a wavelength cov-
erage from 3600 Å to 8000 Å and a dispersion of 10 Å/px on
the SITe1d CCD. For six galaxies additional spectra were taken
with the grisms R-200 (6000 Å to 11000 Å, 4 Å/px) and/or G-
100 (4900 Å to 7800 Å, 2 Å/px) for the analysis of the Hα+[N ii]
region (Sect. 7.1.2). With the Nasmyth Focal Reducer Spectro-
graph (NASPEC) at the TLS 2 m telescope we observed 65
galaxies. The spectrograph was equipped with a 2800×800 pixel
SITe CCD. The V-200 grism was used in most cases, which gives
a wavelength coverage from 4000 Å to 8500 Å and a spectral res-
olution of ≈ 600 and 300 for the selected slit width of 2′′ and 3′′.
The targets for the TLS and CA observations were primar-
ily selected among the galaxies that were found to show some
kind of distorted morphology. There is no explicit selection bias
with regard to the distribution across the survey field. All spec-
tra were reduced with standard routines from the ESO MIDAS
data reduction package with standard procedures including bias
subtraction, flat-fielding, cosmic ray removal, wavelength cali-
bration, and a rough flux calibration. The optimal extraction al-
gorithm of Horne (1986) was applied to extract one-dimensional
spectra from the two-dimensional ones. The wavelength calibra-
tion of the CAFOS spectra was done with calibration lamps. For
the TLS spectra, the wavelength calibration is based on night-sky
lines in the target spectra following Osterbrock & Martel (1992).
3. The galaxy catalogue
3.1. Galaxy selection
Galaxies were selected, in a first step, by a combination of auto-
mated analysis and visual inspection of the co-added B band im-
ages from the Tautenburg Schmidt CCD camera. The automated
source detection was performed running SExtractor (Bertin &
Arnouts 1996). The SExtractor parameters were determined for
each field separately by trial and error in an iterative process. The
vast majority of the approximately 125 000 extracted sources are
stars or faint background galaxies. Sources with a SExtractor pa-
rameter class_star < 0.1 and larger than about 20′′ were se-
lected as galaxies that possibly belong to the Perseus cluster.
A high error rate was to be expected for the automated selec-
tion of galaxies at the low Galactic latitude of our field. There-
fore, the resulting galaxy catalogue was thoroughly checked in
two separate visual inspections of the images. The aim of the first
inspection was to find out and reject sources that were wrongly
classified as galaxies, such as not de-blended merged star-like
objects, faint stars projected on an outer part of a faint and small
galaxy, or artefacts due to an imperfect flat-field correction. A
second inspection was performed to search for galaxies that were
not selected by the SExtractor. This was the case, for instance,
when a foreground star is projected onto the core of a galaxy,
which leads to a class_star parameter > 0.1 or when a faint
galaxy is close to bright foreground star. Finally, we checked the
SDSS Object Explorer page for every single source. The final
catalogue contains 1294 galaxies. The catalogue will be pub-
lished in electronic form in the VizieR Service of the CDS Stras-
bourg. A column-by-column description is given in Appendix A.
Fig. 3. Colour magnitude diagram for 24 155 SDSS galaxies (contours)
in the redshift range z = 0.010 . . . 0.26. The blue diagonal lines mark
the completeness limit (dashed) and the detection threshold (solid) of
the galaxy selection.
The galaxy selection in the B band guarantees a high com-
pleteness of the population of blue, star forming galaxies without
producing a substantial selection bias against red galaxies. Fig-
ure 3 shows the distribution of 24 155 nearby SDSS galaxies in
the (g − r) versus Mr colour-magnitude diagram (CMD) repre-
sented by equally spaced local point density contours computed
for a grid size of ∆Mr = 0.1 mag and ∆(u − r) = 0.05 mag. The
bimodality of the SDSS galaxy population is clearly indicated
where the galaxies from the red sequence are typically an order
of magnitude more luminous than those from the blue cloud. Us-
ing the B magnitudes from Brunzendorf & Meusinger (1999) we
found the transformation relation B = g+0.75 (g−r)+0.07 for the
extinction corrected magnitudes. A magnitude cut in the B band
produces therewith a colour-dependent limiting absolute r mag-
nitude Mr,lim = Blim,obs−1.75 (g−r)−35.03 for the cluster galax-
ies, where the distance modulus DM = 34.34 mag (Sect. 5.2) and
a mean reddening E(B− V) = 0.15 mag were adopted, Blim,obs is
the observed (not corrected for Galactic foreground extinction)
B-band magnitude limit. This relation is plotted in Fig. 3 for the
estimated completeness limit at Blim,obs = 19.2 and the detection
limit at 20.7. Both limits are not sharp for several reasons. The
completeness limit corresponds to the maximum in the distribu-
tion of the W1 magnitudes and the detection limit is defined by
the strong decline at W1 ≈ 16.5 (Fig. 5).
3.2. Photometric data
We used photometric data from the SDSS Photometric Cat-
alogue (Alam et al. 2015), the Extended Source Catalogue
(2MASS XSC; Jarrett et al. 2000) from the Two-Micron All-Sky
Survey (2MASS; Skrutskie et al. 2006), and the All-Sky Source
Catalogue from the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010).
The SDSS cautions that supplementary fields of low Galactic
latitude, such as A 426, are highly crowded and of high extinc-
tion. These data were processed with the standard SDSS photo
pipelines, which were not designed however to work in such
crowded regions. The quality of the photometry in these areas
is thus not guaranteed to be as accurate as in the SDSS main
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part. In addition, the frames are not fully de-blended and thus
not completely catalogued. SDSS magnitudes are available for
1202 galaxies, that is, 93% of the whole sample. The database
becomes more incomplete towards the cluster centre. Our cata-
logue lists 140 galaxies within 20′ from the centre where only
116 galaxies (83%) have SDSS magnitudes. The completeness
drops to 65% within 10′ and only 29% within 5′. In particular,
SDSS magnitudes are not available for the bright NGC galaxies
1272, 1273, 1274, 1275, 1277, and 1278. Photometric data for
NGC 1275 were taken from Brown et al. (2014).
2MASS magnitudes in the NIR bands J, H and K were down-
loaded via SQL query from the SDSS table TwoMassXSC. This
table contains one entry for each match between the SDSS pho-
tometric catalogue photoObjAll and the 2MASS XSC5. The
2MASS XSC reaches a completeness of > 90% at an S/N = 10
flux limit fainter than 15.0, 14.3 and 13.5 at J,H and Ks for
sources more than 30◦ from the Galactic plane. From now on
we refer to the 2MASS Ks band as K the band. For |b| > 20◦,
the star-galaxy separation is expected to be reliable to K ≈ 12.8
and only falling to 97 per cent by K = 13.5.6 We used the stan-
dard (recommended) 2MASS photometry, that is the isophotal
fiducial elliptical aperture magnitudes with apertures set by the
20 mag arcsec−2 isophote in the K band. Matches were found for
49% of our catalogue galaxies with a mean positional distance
of 0′′.7, 96% of them have positional distances < 1′′.5. There
is no trend towards an increased incompleteness in the cluster
core. However, only 19% of the galaxies with r band magni-
tudes fainter than the catalogue mean value have matches in the
2MASS XSC.
WISE performed an all-sky astronomical survey in the four
wavelength bands W1 at 3.4 µm, W2 at 4.6 µm, W3 at 12 µm,
and W4 at 22 µm. We cross-matched our galaxy catalogue with
the WISE All-Sky Source Catalogue using the NASA/IPAC In-
frared Science Archive IRSA. With a cone search radius of 3′′,
WISE counterparts were found for 91% of the catalogued galax-
ies. The mean positional distance is 0′′.7, 92% have positional
distances less than 1′′.5. The completeness is comparable to that
of the SDSS photometry. However, the WISE data are more
complete for the brighter galaxies: 99.6% for Ks < 13.5 com-
pared to 96% for SDSS magnitudes. Of particular importance is
the high completeness in the cluster core with 100% within 5′
and 96% within 20′.
The magnitudes in all bands were corrected for Galactic fore-
ground extinction using the colour excess E(B−V) from Schlafly
& Finkbeiner (2011)7. The Galactic foreground reddening map
of the survey field is shown in Fig. 4. E(B − V) varies strongly
over the field from approximately 0.1 to 0.3 mag. As expected,
reddening is strongest at lowest Galactic latitudes (top left cor-
ner). It is particularly notable, however, that there are also con-
siderable local fluctuations, significant reddening is seen also at
the bottom right. Figure 5 shows the histogram of the W1 mag-
nitudes for the selected galaxies (black) and for the sub-samples
with photometry from SDSS (blue) and 2MASS XSC (green).
For comparison, the old catalogue of Perseus cluster galaxies
(Brunzendorf & Meusinger 1999) is overplotted (red).
3.3. Redshifts
Heliocentric redshifts are available from the spectroscopic ob-
servations described above. The SDSS spectra in the Perseus
5 http://tdc-www.harvard.edu/catalogs/tmx.format.html
6 http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6_5b2.html
7 http://irsa.ipac.caltech.edu/applications/DUST
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Fig. 4. Reddening map of the Perseus cluster field. The colour indicates
the reddening value E(B − V) from 0.1 (magenta) to 0.3 mag (red; see
colour bar). The positions of the catalogued galaxies are over-plotted by
white symbols where the symbol size scales with the brightness in the
WISE W1 band. The diagonal white lines are curves of equal Galactic
latitude from l = −11◦ (top left) to −15◦ (bottom right) in steps of one
degree.
Fig. 5. Histogram of the W1 magnitudes for the selected galaxies
with WISE photometric data (black). Overplotted are the histograms of
the sub-samples with photometry from SDSS (blue) and 2MASS XSC
(green). For comparison, the sample from (Brunzendorf & Meusinger
1999) is shown (red).
field have been made public only in the SDSS DR 7 (Abaza-
jian et al. 2009). There were several targets from our preceding
spectroscopic observation runs at TLS and Calar Alto among
the galaxies with SDSS spectra. For those galaxies the red-
shifts derived from our spectra are generally consistent with
those from SDSS. The mean redshift difference (SDSS - here)
is ∆z = 0.0003 ± 0.0002 (standard error). We also checked the
NED, Version November 2017, for spectroscopic redshifts of ad-
ditional catalogue galaxies. If a galaxy was found to have red-
shifts from more than one source, we always preferred SDSS
redshifts, if available. Whenever different values were reported
from different data sources, the available spectra were checked
in detail. In particular, we found a few redshift data from H i
21 cm observations to be wrong. Altogether, our catalogue in-
cludes spectroscopic redshifts for 384 galaxies where 254 are
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from SDSS, 41 from TLS and CA, 3 from Sakai et al. (2012),
and 86 from the NED. The spectroscopic redshift sample thus
comprises 29% of the catalogue. Additional redshift informa-
tion can be derived from Hα surveys, as is discussed in Sect. 4.3
below.
We also checked the usefulness of photometric redshifts
for our project. Photometric redshifts estimated by robust fit
to nearest neighbours in a reference set were made available
by SDSS DR14 (Abolfathi et al. 2018). SDSS provides seven
categories of error flags. It is recommended by the SDSS to
use photoErrorClass = 1 only (average RMS 0.043)8, which
is the case for 1055 catalogue entries. For 350 galaxies we
have both spectroscopic redshifts and photometric redshifts in
photoErrorClass = 1. With a median difference of 0.014 and
a larger (due to the non-Gaussian distribution) RMS value of
0.043, the photometric redshifts are clearly too uncertain to
be useful for discriminating cluster members from background
galaxies.
The percentage of galaxies with available redshifts is high
for the bright galaxies, 98% for K < 11, and decreases system-
atically towards fainter magnitudes: 94% for K < 12, 76% for
K < 13, and still 61% for K < 14. However, given its hetero-
geneous nature, the selection effects of the spectroscopic sam-
ple are difficult to grasp. The selection criteria for the galaxies
tiled in SDSS are basically unknown. However, because of the
incomplete field coverage by the two SDSS spectroscopic plates
(Fig. 2) it is clear that the sample of galaxies with SDSS redshifts
is biased towards the cluster centre region. The targets of our
spectroscopic observing runs are predominantly galaxies with
conspicuous morphological or photometric features. Therefore,
we must note that the spectroscopic sample does not present a
well-defined sub-sample.
3.4. Morphological classification
The morphological types of about 900 000 galaxies from the
SDSS main survey were made available by the GalaxyZoo
project (Lintott et al. 2011; Willett et al. 2013). Unfortunately,
GalaxyZoo does not cover the Perseus field. We performed a
target-oriented detailed visual analysis of all selected galaxies on
the SDSS colour images and the Tautenburg B and Hα images si-
multaneously. The ‘eyeball’ inspection is probably still the most
robust method to classify galaxy samples that are not too exten-
sive. In many cases, however, the visual inspection alone did not
enable us to distinguish between the types E and S0. For 143 of
these galaxies the final classification was based on an analysis
of the radial surface brightness profile. The radial profile, mea-
sured in a clean area of the galaxy on Tautenburg images, was
fitted both by an exponential and a de Vaucouleurs law. If the
exponential profile provides the better fit in the outer part, the
galaxy was classified as S0, otherwise as E.
The classification consists of three parts. First, each galaxy
was categorised by one of the fundamental morphological
classes: E, S0, S, Irr or an intermediate class in ambiguous cases
with approximately the same probability for both classes, such
as E/S0. The result is stored in the parameter cl1 with the val-
ues 1 . . . 8 for the sequence E - E/S0 - S0 - S0/S - Sa - Sb/Sc -
Sc/Irr - Irr and cl1 = 9 for a galaxy merger where the involved
components are not separated. The reliability of cl1 is stored in
flag_cl1 = 0 . . . 3, with 3 for highest reliability. 12% of the
catalogue galaxies could not be classified, that is cl1 = 0 and
flag_cl1 = 0. For about 76% of them, the classification relia-
8 http://www.sdss.org/dr14/algorithms/photo-z
bility flag is flag_cl1 ≥ 2. Secondly, more detailed information
is stored in a second morphological parameter, cl2. Following
van den Bergh (1976), galaxies classified as spirals are subdi-
vided into ‘anemic’ spirals with weak and red spiral arms (cl2
= A) and normal spirals with pronounced, blue spiral arms (cl2
= S). Whenever possible, S and A galaxies and also the interme-
diate types A/S, A/S0 and S/S0, were assigned to sub-types a, b,
or c for a decreasing bulge-to-disc ratio. E galaxies are simply
subdivided according to their apparent flatness. The presence of
a ring (R), a bar (B), or other remarkable features is noted.
Finally, morphological peculiarities are encoded into the pe-
culiarity parameter pec = 1 . . . 9. For 244 catalogue galaxies
(19%), the following types of morphological peculiarities were
registered: weakly or strongly lopsided (pec = 1 or 2), minor
merger (3), early, intermediate, or late major merger (4-6), M51
type (7), collisional ring (8), and others (9). More information
relevant either to the classification process (for instance, nearby
foreground star) or to the morphology itself (for example, nearby
galaxy, tidal tale, unusual dust absorption, etc.) is stored in the
catalogue column remarkMorph for 26% of the galaxies.
The SDSS photometric pipeline takes the best exponential
and de Vaucouleurs fits in each band and asks for the linear
combination of the two that best fits the image. The coefficient
of the de Vaucouleurs term, clipped between zero and one, is
stored in the parameter fracDeV that indicates whether the lu-
minosity profile is closer to a galaxy disc (lower value) or an E
galaxy (higher value). A number of previous studies has demon-
strated fracDeV to be a useful tool for separating galaxy samples
into disc-dominated and bulge-dominated or ellipticals (e.g. Ro-
dríguez & Padilla 2013; Wilkinson et al. 2017). The SDSS table
galaxy provides fracDeV for 94% of the catalogue galaxies in
each of the five SDSS bands. We simply used the mean value of
fracDeV from the g and r bands. For another 15 galaxies, we es-
timated fracDeV from our measured surface brightness profiles.
Fig. 6. SDSS fracDeV parameter versus morphological class cl1. Each
horizontal green line represents an individual galaxy, the black squares
are the mean (filled) and median (open) fracDeV in each class with
standard deviation (error bar).
In Fig. 6, the morphology class cl1 from our classification is
compared with fracDeV for 847 catalogue galaxies with reliable
classification (flag_cl1 ≥ 2) and without strong peculiarities
(pec ≤ 1). Each galaxy is represented in this diagram by a ver-
tical line in the corresponding cl1 bin. The mean values (filled
squares) and the medians (open squares) indicate a clear trend
along the cl1 sequence. The types cl1 ≤ 5 have on average a
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high fracDeV >∼ 0.5 with fracDeV >∼ 0.8 for E and E/S0. On the
other side, the classes cl1 = 6 − 8 have on average low values
with fracDeV <∼ 0.1 for Sc/Irr and Irr. If not stated otherwise,
we consider cl1 = 1 − 5 as early types and cl1 = 6 − 8 as late
types in this paper. Figure 6 indicates a remarkable scatter. Pos-
sible contamination by spirals of a sample of elliptical galaxies
selected by fracDeV , and vice versa, was discussed at length
by Padilla & Strauss (2008) and Rodríguez & Padilla (2013). In
addition, another two effects play a role in our study. First, fol-
lowing van den Bergh (1976), S0 galaxies are not restricted to
high bulge-to-disc ratios and a wide range of fracDeV values is
thus expected. This is the main reason for the relatively high por-
tion of low fracDeV values among the galaxies in the cl1 = 4
bin. The second source of the scatter is the above-mentioned rel-
atively high probability of blending by foreground stars, which
may have an effect on fracDeV for a substantial number of the
galaxies.
4. Galaxy samples
The construction of a reliable cluster galaxy sample is faced with
several problems. A cluster membership criterion based on both
position on the sky and in redshift space is desirable but suffers
from incompleteness in the available spectroscopic data. Photo-
metric criteria such as colours and limiting magnitude produce
biased samples that are very likely contaminated by non-cluster
members. Moreover, as a part of the Perseus-Pisces supercluster,
A 426 is not a closed, isolated structure with a clear demarcation
between the cluster and its surroundings
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Fig. 7. K band surface brightness sky map (orthographic projection) of
the eastern part of the Perseus-Pisces supercluster from 2MASS XSC
objects with 8 ≤ K ≤ 14. The present survey field is indicated by
the dark blue box, the hexagons indicate galaxy groups from Crook
et al. (2007) with 0.016 <∼ z <∼ 0.030, each labelled with the number
in the Low Density Contrast (LDC = L, green) or High Density Con-
trast (HDC = H; cyan) catalogue.
4.1. Survey field
Rich galaxy clusters are the dense nodes in the cosmic web of
filaments and sheets of matter. Figure 7 shows the K band surface
brightness map of the larger environment of the Perseus cluster
that contains the eastern part of the Perseus-Pisces supercluster.
The map contains around 11 000 entries from the 2MASS XSC
with 8 ≤ K ≤ 14 and larger than r_ext = 5 arcsec.
Crook et al. (2007) applied a variable linking-length percola-
tion to identify groups of galaxies from the Two Micron All-Sky
Redshift Survey based on both sky position and redshift. The
groups within the redshift range 0.016 <∼ z <∼ 0.030 are labeled in
Fig. 7 by hexagons and labelled by the catalogue number, where
‘H’ stands for HDC = high density contrast and ‘L’ for LGC
= low density contrast. The two HDC groups H 219 and H 137
are identical with the Abell clusters A 426 and A 347. They were
identified as two separate groups in the HDC catalogue and make
up the third largest group in the LDC catalogue. H 179 and L 214
are at z = 0.0276 and 0.031, respectively, all other groups are in
the narrow redshift range z = 0.0166 to 0.0186. The field cov-
ered by our galaxy catalogue is indicated by the red box around
the brightest structure in the map. All groups are part of an ex-
tended structure without clear borders.
4.2. Spectroscopic cluster galaxy sample
Fig. 8. Redshift z versus cluster-centric distance for the catalogue galax-
ies with z < 0.06 (filled squares). The blue solid lines represent the clus-
ter membership criterion adopted in the present study. The dashed hor-
izontal line marks the median redshift of the selected cluster members
(blue filled squares). Green open squares indicate galaxies classified as
Hα emitters from Hα imaging surveys (Sect. 4.3). At the distance of the
Perseus cluster, 140′ correspond to ∼ 3 Mpc.
The redshifts of our catalogue galaxies cover the range
0.009 < z < 0.155. Figure 8 shows redshift versus cluster-centric
distance R for the 358 galaxies with z < 0.06, where the centre
position from Ulmer et al. (1992) was adopted. The distribution
of the galaxies in the z − R plane indicates a clear separation
of cluster galaxies from the background. We adopted the sim-
ple membership criterion indicated by the solid lines in Fig. 8,
which corresponds roughly to the R-dependent 2.5σ deviation
from the median. This criterion defines our spectroscopic cluster
galaxy sample (SCGS) of 286 certain cluster galaxies. Of course,
it cannot be excluded that some of the galaxies with z >∼ 0.025
are, in fact, background objects. The mean SCGS redshift is
z¯ = 0.0177 ± 0.0039, the median redshift is 0.0176 (dashed hor-
izontal line). These values change only slightly when the spatial
extension of the sample is restricted. For the 206 cluster mem-
bers with R ≤ 1◦, the mean value amounts to z¯ = 0.0179±0.0040.
Compared to (Brunzendorf & Meusinger 1999), our galaxy
catalogue (Appendix A) lists new redshifts for 133 (47%) of the
Article number, page 8 of 40
H. Meusinger et al.: Galaxies in the Perseus cluster field
SCGS galaxies corresponding to an increase by a factor of 1.9.
However, it must be noted that the SCGS is composed of data
from various sources and is thus not homogeneous. The selec-
tion effects from the different sources are difficult to grasp. The
great impact of the SDSS spectroscopy clearly introduces a se-
lection bias against the outermost parts of the field (see Fig. 2).
The mean cluster-centric distance of the galaxies with redshifts
from SDSS amounts to 〈R〉 = 36 ± 2 arcmin, clearly less than
for the galaxy samples in Table 1. On the other side, the galax-
ies from the TLS-CA spectroscopic sample (Sect. 2.2.2) have a
much larger mean distance of 〈R〉 = 60 ± 7 arcmin. The use of
the spectroscopic sample for the study of trends with R must thus
be considered with caution.
4.3. Extended spectroscopic cluster galaxy sample
The Hα survey (Sect. 2.1.1) provides an additional approach to
select cluster members among the galaxies without available
spectra. The narrow-band filter for the redshifted Hα efficiently
selects Hα emitters within a redshift interval of ±0.003 around
the mean cluster redshift. Such galaxies are most likely clus-
ter members. 57 catalogued galaxies are flagged as Hα sources
in our Hα survey. An additional nine Hα sources were added
from the Hα survey performed by Sakai et al. (2012) with the
MOSAIC-1 Imager on the Kitt Peak National Observatory 0.9 m
telescope. These authors imaged A 426 with three narrow-band
filters for the redshifts z = 0.0122 ± 0.006, 0.0183 ± 0.006 and
0.0244±0.006. Another Hα survey of galaxy clusters was under-
taken by Moss & Whittle (2000, 2006) using objective prism ob-
servations with the 61/94-cm Burrell Schmidt Telescope on Kitt
Peak. Four A 426 galaxies are classified as Hα emitters from the
objective prism survey but not flagged as such in our catalogue.
Their spectroscopic redshifts are consistent with cluster mem-
bership for three galaxies and with background in the other case.
We set the Hα flag for the three cluster members only.
Among the 69 galaxies flagged as Hα sources, spectroscopic
redshifts are available for 42 with a mean value z¯ = 0.0178 ±
0.0047. As shown in Fig. 8, 41 Hα galaxies (98%) fall within
the cluster region. Only for one Hα galaxy from the Sakai et al.
(2012) survey the cluster membership criterion is closely missed.
It may be assumed that the vast majority of the remaining 27 Hα
sources without spectroscopic redshifts belong to the cluster. It
is thus reasonable to add all these Hα sources to the sub-sample
of galaxies classified as cluster members. It goes without saying
that the cluster member selection technique based on Hα imag-
ing is heavily biased towards strong emission line galaxies.
The total number of galaxies in this extended spectroscopic
cluster galaxy sample (eSCGS) is thus N = 313. For compari-
son, Brunzendorf & Meusinger (1999) listed 660 galaxies in the
Perseus cluster field with radial velocities for 171 entries. The
eSCGS makes up 24% of our present catalogue. This percentage
increases to 39% when we restrict the sample to galaxies with
a Kron radius larger than 30′′, and to 59% if we further restrict
the sample to the galaxies with R ≤ 100′, which means, within
the Abell radius. It should be noted, on the other hand, that 26%
of the spectroscopically observed galaxies in the field are not
cluster members (Sect. 4.5).
4.4. Magnitude-limited galaxy samples
The cluster membership criterion based on spectroscopic red-
shifts ensures that the samples SCGS and eSCGS are free from
strong contamination by background galaxies. On the other
hand, these samples suffer from different selection effects in the
process of targeting galaxies for spectroscopic observations that
are difficult to assess. Given the heterogeneous nature of the
spectroscopic target selection, it seems reasonable to consider, in
addition, galaxy samples based on strict magnitude and field lim-
itations where no other redshift constraints are used than the ex-
clusion of the spectroscopically confirmed foreground and back-
ground galaxies. The field limitation is simply set by R ≤ 100′,
which is the maximum distance from the centre covered in all
directions and corresponds roughly to one Abell radius. A small
region around the background cluster at RA, DEC = 50◦.2, 43◦.1
(Sect. 4.5) was excluded.
4.4.1. W1 magnitude-limited sample MLS_W1
The WISE 2.4 µm magnitude W1 was selected to define a mag-
nitude limit mainly for the sake of completeness (see Sect. 3.2).
In addition, the W1 band is a factor of 10 less affected by red-
dening than the SDSS r band. This is a clear advantage with
regard to the irregular reddening over the survey field (Fig. 4).
Figure 9 shows the histogram of the WISE W1 magnitudes for
the galaxies from this selection. Overplotted are the sub-samples
of the spectroscopically confirmed cluster members (blue) and
of the galaxies without spectroscopic redshifts (red). At fainter
magnitudes, W1 >∼ 14.5, the catalogue becomes increasingly in-
complete.
Fig. 9. Histograms of the W1 magnitudes for the morphologically
classified possible cluster members within a cluster-centric distance
R = 100′ (black), the sub-sample of spectroscopically confirmed cluster
members (blue), and the sub-sample of galaxies without spectroscopic
redshifts (red). The two dashed vertical lines indicate the magnitude
limits for MLS_W1b and MLS_W1.
We adopted the magnitude limit W1lim = 14. With mean
colour indexes V − K ≈ 3.3 from NED9 and K − W1 ≈ −0.2
from our catalogue data, W1 ≤ 14 corresponds to a V limit close
to that of the Kent & Sargent (1983) sample, which is however
highly incomplete. The magnitude-limited sample MLS_W1
thus includes the Perseus cluster galaxies with absolute magni-
tudes Mv <∼ −17, that is, between the SMC and the LMC. For the
sake of comparison, we also constructed a brighter sub-sample,
MLS_W1b, of 194 galaxies with W1 ≤ 12.5.
9 https://ned.ipac.caltech.edu/level5/Sept04/Aaronson/Aaronson4_3.html
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4.4.2. ur magnitude-limited sample MLS_ur
Despite the advantage of the W1 selection, a magnitude limit
set in the NIR produces a bias towards the brighter galaxies in
the red sequence (see Sect. 6.1.1 below). We decided therefore
to construct, in addition, an alternative magnitude-limited sam-
ple based on the constraint r < 20.6 − 2.0(u − r). The selection
criterion is defined in such a way that the galaxies from the blue
cloud have a similar chance to be collected as those from the
red sequence (see Figs. 3 and 20). This sample is referred to as
MLS_ur in this paper. The drawback of such a selection is the
incompleteness and uncertainties of the SDSS photometry (see
Sect. 3.2 above and Sect. 6.1.1 below). The sample size is com-
parable to that of the MLS_W1.
Table 1. Summary of the samples of galaxies in the Perseus cluster field
used in the present study.
Sample N fz fb 〈r〉 〈W1〉 〈R〉 (′)
MLS_W1b 194 0.89 0.01 13.9 11.4 41 ± 2
SCGS 286 1.00 0.00 14.4 12.0 43 ± 2
eSCGS 313 0.91 0.00 14.6 12.3 45 ± 2
MLS_ur 372 0.62 0.06 14.9 12.6 50 ± 1
MLS_W1 412 0.61 0.09 14.9 12.4 50 ± 1
MaxS 1196 0.24 0.17∗ 16.5 13.8 64 ± 1
Notes. ∗ most likely a lower limit only (see Sect. 4.4.3).
4.4.3. Background contamination and incompleteness
Background contamination is an unavoidable effect in a
magnitude-limited sample. For simplicity, we refer to both fore-
ground and background galaxies as background galaxies in the
following. Here we limit the discussion to the estimation of the
background fraction fb = Nb/N in the MLS_W1, where Nb and
N are the (unknown) number of background galaxies and the
number of all galaxies in the sample, respectively.
The background fraction can be roughly estimated as fol-
lows. MLS_W1 consists of N = 412 galaxies, of which 259 are
established cluster members. The fraction of galaxies without
spectroscopic redshifts z is thus fnz = (412 − 259)/412 = 0.37.
In the extreme case that none of the galaxies without z is a clus-
ter member, the background fraction would be fb = fnz = 0.37,
which is as an upper limit if the sample is complete. A more real-
istic assumption is that a substantial number of the galaxies with-
out known redshifts belong to the cluster. When we apply the
same selection criteria as for the magnitude-limited sample but
without excluding the spectroscopic non-members, we find 491
galaxies. Among them are 332 galaxies with spectroscopic red-
shifts, of which 81 are non-members. The non-member fraction
of this spectroscopic sub-sample is thus fnm = 81/332 = 0.24.
Assuming that the same fraction applies to the sub-sample with
unknown redshifts, we end up with a background galaxy fraction
fb = fnm · fnz = 0.09. The same computation leads to fnm = 0.17
for the whole catalogue. The real background fractions are prob-
ably higher because the non-spectroscopic sub-samples are al-
ways fainter than the corresponding spectroscopic sub-samples
(Fig. 9, see also Sect. 5.4 below). The background contamination
is assumed to be significantly lower at brighter magnitudes. For
MLS_W1b we estimated a contamination fraction fb ≈ 0.01.
Alternatively, the number density of background galax-
ies can be estimated from the number counts in the 2MASS
database. Within our survey field, the 2MASS XSC lists 657
Fig. 10. Number counts of background galaxies per K magnitude inter-
val of the width 0.5 mag. Filled squares with vertical error bars: spec-
troscopically established background galaxies, the horizontal bars in-
dicate the bin widths. Open squares: Total number of expected back-
ground galaxies. Diagonal lines: galaxy number counts N(K) from
2MASS (Frith et al. 2003, solid) and GAMA (Whitbourn & Shanks
2014, dashed).
sources with K < 13.8 and radius r_ext > 10 arcsec com-
pared to 515 galaxies from our visual search.10 The difference
seems to indicate that either MLS_W1 is 22% incomplete or
that 22% of the 2MASS XSC sources in the field are not galax-
ies. Although designed for completeness down to low Galac-
tic latitudes, the 2MASS XSC is known to suffer from confu-
sion near the Galactic plane. From the low-density regions in
Fig. 7 we estimated a mean surface density of 21 objects with
K < 13.8 per square degree. After correcting for 22% con-
tamination, we would expect 144 background galaxies in the
MLS_W1 field. Because 81 galaxies were already confirmed
as background (not included in MLS_W1), the resulting back-
ground fraction is fb = (144 − 81)/412 = 0.15. However, this
value may turn out higher (by a factor of two) when a possible
incompleteness of the galaxy selection for the present catalogue
is taken into account (Sect. 6.2, below).
Figure 10 displays the N − K relation for the spectroscopic
background galaxies within R = 100′. The filled squares show
the numbers of galaxies per binning interval of the width ∆K =
0.5 mag. We applied the background correction as discussed
above for each bin. The open squares indicate the sum of the
spectroscopic background systems plus the expected number
of background galaxies from the non-spectroscopic sub-sample.
These total numbers of background galaxies, Nb, can be com-
pared with K-band number counts of field galaxies from the lit-
erature. Frith et al. (2003) presented galaxy number counts from
2MASS XSC in a number of fields. For the Northern Galactic
Cap region their counts are roughly fitted by their homogeneous
model with logN(deg−2 0.5 mag−1) = 0.6K − 6.9. This relation,
applied to the survey area piR2, is shown as the solid diagonal
line in Fig. 10. The dashed line corresponds to the N−K relation
for the deeper K-band GAMA counts from Whitbourn & Shanks
(2014, their Figure 6). At K <∼ 12, our background-corrected
counts, Nb, are nicely fitted by the solid line, but at fainter mag-
nitudes an increasing difference is observed that might indicate
an increasing incompleteness in our catalogue.
10 We use K < 13.8 because of W1lim = 14 and K −W1 ≈ −0.2.
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Fig. 11. Sky map of all catalogued galaxies (black). The red boxes indicate the galaxies in the different samples.
One obvious reason for the assumption of incompleteness of
the galaxy selection is again the low Galactic latitude of the sur-
vey field: a faint galaxy close to a brighter foreground star can
be easily overlooked. Further, at faint magnitudes, the SExtrac-
tor parameter class_star does not provide an efficient star-
galaxy separation (Sect. 3.1). Whereas stars wrongly classified
as galaxies were sorted out in the subsequent visual examina-
tion, faint compact galaxies misclassified as stars are more likely
to get lost. Hence, we can only assume that there is an increas-
ing incompleteness towards the sample limit. In principle, the
K-dependent incompleteness correction can be derived from the
comparison of our Nb with the solid line in Fig. 10 (see Sect. 6.2).
However, the background galaxy density differs from field to
field (see e.g. Frith et al. 2003, their Figure 5) and also between
different studies, and the resulting uncertainty is thus accord-
ingly large.
4.4.4. Overview of the galaxy samples
Figure 11 shows the distributions of the galaxies over the survey
field for all samples. The small black symbols mark the cata-
logued galaxies where the symbol size scales with the WISE W1
magnitude. The members of the corresponding sample are high-
lighted by the larger red symbol. The top left panel shows the
whole catalogue. A lenticular structure with the famous chain of
bright cluster galaxies is clearly indicated in the centre.
The various galaxy samples used in the present paper are
briefly summarised in Tab. 1 sorted by the sample size N, which
correlates with the sample averaged magnitudes in the r and W1
Fig. 12. Venn diagram of the three galaxy samples eSCGS (red),
MLS_W1 (green) and MLS_ur (blue).
bands. The first two columns give the name and the sample size
N. The next two columns list the proportion fz of galaxies with
spectroscopic redshift and the estimated background fraction fb.
The last three columns are the mean r magnitude, the mean W1
magnitude and the mean cluster-centric distance. The bottom
line contains the data for a ‘maximum sample’ (MaxS) of all
catalogued galaxies except of the spectroscopically established
background systems. The relative sizes and the overlap of the
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Fig. 13. Sky map of all catalogued galaxies (black). The galaxies with known redshifts are indicated by larger coloured dots in six different z
intervals. The redshift intervals are indicated at the top of each panel, where z¯ and σz are the mean and the standard deviation, respectively, of the
redshifts for the spectroscopic cluster members (Table 2). In the top row, the colours highlight the cluster members (red) and the one foreground
galaxy (green). In the bottom row, background galaxies are labeled blue.
three main samples eSCGS, MLS_W1 and MLS_ur are illus-
trated by the Venn diagram (Hulsen et al. 2008) in Fig. 12. 11
4.5. Established background galaxies
Based on their redshifts, one galaxy is a foreground system and
97 galaxies are in the background of the Perseus cluster. Fig-
ure 8 indicates two galaxy concentrations in the background,
namely at z ≈ 0.03 and 0.06. The distribution of the galaxies
over the field is shown in Fig. 13 for six z slices. As in Fig. 11,
all catalogue galaxies are plotted as small black symbols in each
panel. The first three panels (top row) show the cluster mem-
bers (red) in three different parts of the redshift distribution, the
core (z¯ − σz ≤ z ≤ z¯ + σz, middle), the blue wing (z < z¯ − σz,
left), and the red wing (z > z¯+σz, right). A remarkable structure,
which is seen in all three panels, is the extension from the cluster
core to the SE corner that coincides with the diagonal structure
through A 426 indicated in Fig. 7. It cannot be excluded that the
wide redshift interval z = 0.010 . . . 0.025 indicates an extended
(∼ 50 Mpc) sheet-like structure rather than a larger velocity scat-
ter of cluster members. The one foreground galaxy (green sym-
bol in the left panel) is also located in this area.
The lower panels of Fig. 11 show the positions of the back-
ground galaxies (magenta) with z < 0.06. The CfA survey
(Huchra et al. 1999) has found a huge under-density between
11 created with BioVenn under http://www.biovenn.nl/
the Perseus-Pisces supercluster in the foreground and a dense
structure at z ≈ 0.04 as the distant boundary. In fact, the panel
for 0.04 < z < 0.06 indicates a coherent background structure
of a comparatively high galaxy density. This redshift slice in-
cludes the background cluster at RA, DEC = 50◦.1, 43◦.1 that
was first reported by Brunzendorf & Meusinger (1999). Spec-
troscopic redshifts are available for eight galaxies in the field
of this cluster. One of them is found to belong to the Perseus
cluster, the mean redshift of the remaining seven galaxies is
z = 0.051 ± 0.004. It is worth mentioning that there are two
broad-line galaxies in this redshift interval, J032006.3+402159
and J032512.9+404153, both at z = 0.0472.
5. Cluster profiles and substructure
5.1. Line-of-sight velocities
Dynamically relaxed clusters are expected to have Gaussian
line-of-sight velocity distributions, whereas departures from
the Gaussian distribution indicate unrelaxed systems. Figure 14
shows the histograms of the relative velocity v − v¯ in units of
the standard deviation σv for all SCGS galaxies (left) and for the
inner 15 arcmin, which roughly corresponds to the core region
(right), overplotted by the best-fitting Gaussian. We performed
chi-square goodness of fit tests to check the null hypothesis H0
that the observed velocities are normal distributed. We computed
the test statistic T =
∑n
i=1 (Ni − N · pi)2/pi, where n is the num-
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ber of non-empty bins, Ni is the number of galaxies in bin i, pi is
the Gaussian probability of falling into bin i and N =
∑
i Ni.
The null hypothesis is rejected if T is larger than the critical
value χ2c for a given significance level α. For the two samples
from Fig. 14, we find (T, χ2c) = (11.9, 21.7) (left) and (3.8, 18.5)
(right).
Fig. 14. Velocity distribution of the SCGS galaxies (black) and best-
fitting Gaussian (red) for all sample members (left) and the inner
15 arcmin (right).
Cluster substructure or an ongoing cluster merger may re-
sult in a bimodal or multimodal velocity distribution. A straight-
forward approach to probe distributions for unimodality ver-
sus bimodality is provided by Sarle’s bimodality coefficient b
(Pfister et al. 2013) where b larger than the benchmark value
bcrit = 5/9 ≈ 0.55 points towards bimodality or multimodality.
The two samples from Fig. 14 have b = 0.30 and 0.38. There is
obviously no reason to reject the assumption of a uniform Gaus-
sian velocity distribution.
The radial velocity dispersion profile, that is, the line-of-
sight velocity dispersion σv as a function of the cluster-centric
distance, is an important tracer of the dynamical state of the
cluster (e.g. Carlberg et al. 1997; Hou et al. 2009; Pimbblet
et al. 2014; Costa et al. 2018). Figure 15 shows the binned SCGS
data of the radial velocity dispersion profile where the bin sizes
were chosen in such a way that each bin contains 20 galax-
ies, with the only exception of 26 galaxies in the last interval.
The velocity dispersion σv in each bin is related to the mean
cluster velocity, and not to the average velocity within a bin.
An early investigation of the velocity dispersion profile of the
Perseus cluster, based on 119 measured redshifts, was presented
by Struble (1979). Some properties shown there are confirmed
by our data12: the general trend of a decrease at approximately
0.1 . . . 1 Mpc, a central dip, and local minima at 0.3 . . . 0.4 Mpc
and 0.8 . . . 0.9 Mpc. We also confirm that the local minima oc-
cur at approximately the same radius as that at which local min-
ima occur in the surface density and surface brightness profiles
(Fig. 16). This can also be seen in the distribution of the individ-
ual relative velocities of the cluster galaxies (black plus signs) in
Fig. 15.
Costa et al. (2018) compared the composite velocity disper-
sion profiles of two samples of galaxy clusters (A 426 not in-
cluded), such with Gaussian velocity distributions (G) and such
with non-Gaussian distributions (NG). They found significant
12 after re-scaling the cluster-centric distances by a factor 0.67 to correct
for the difference in the adopted cluster distance
Fig. 15. Absolute value of the line-of-sight velocity v relative to the
cluster mean velocity v¯ as a function of the cluster-centric distance in
Mpc (small black plus signs). Filled blue squares are the standard devi-
ations of the line-of-sight velocity in bins of cluster-centric radii where
the horizontal bars indicate the bin width and vertical bars the stan-
dard error of the standard deviation estimator following Ahn & Fessler
(2003). The other vertical lines mark the core radius (dotted) and the
virial radius Rvir,200 (dashed).
differences: For the G sample, the velocity dispersion increases
to 0.35R200 and monotonically decreases at larger radii. For the
NG sample, the velocity dispersion profile exhibits a central
depression at ∼ 0.4R200 and increases from about 0.5R200 to
1.0R200, where R200 is a proxy for the virial radius (see Sect. 5.3,
below). Such an increase was also found by Hou et al. (2009) for
NG galaxy groups. The trend seen in Fig. 15 is in better agree-
ment with the NG composite. However, as demonstrated above,
the observed velocity distribution is close to Gaussian, particu-
larly in the central part. Deviations from the Gaussian are ex-
pected in the outskirts caused by the infall of galaxy groups. On
the other hand, the increase in σv in the outer part at >∼ 1 Mpc
may partly be caused by background contamination. Of course,
the radial velocity dispersion profile is strongly affected by the
assumed cluster membership criterion. It is possible that the cri-
terion shown in Fig. 8 is over-simplifying, particularly in the
outer part of the cluster region.
5.2. Cluster redshift and line-of-sight velocity dispersion
The top four rows of Table 2 list the numbers N of galax-
ies, the mean observed heliocentric redshift z¯, the mean helio-
centric radial velocity v¯ = z¯c, and the velocity dispersion σv
for all SCGS galaxies and for the sub-sample of E+S0 galax-
ies. The mean observed redshifts are in line with the ‘canoni-
cal’ value z = 0.0179 from Struble & Rood (1999). More re-
cently, the Hitomi collaboration published a redshift measure-
ment of z = 0.01767 ± 0.00003 for the ICM in A 426 and
z = 0.01728 ± 0.00005 for the stellar absorption lines in the
spectrum of the BCG NGC 1275 (Hitomi Collaboration et al.
2018a,b). For comparison, the mean value of the 53 NGC 1275
redshift measurements listed in the NED is z = 0.01752 with a
standard deviation of 0.00030.
The next three rows list the redshifts z¯c and the mean ve-
locities v¯c corrected to the velocity centroid of the cosmic mi-
crowave background (Struble & Rood 1999) and the radial ve-
locity dispersion in the frame of the cluster σv,c = σv/(1 + z¯c)
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Table 2. Mean redshift, line-of-sight velocity dispersion, cluster radius,
and cluster mass from the spectroscopic cluster galaxy sample (SCGS).
SCGS all SCGS E+S0
N 286 212
z¯ 0.0177 ± 0.0002 0.0180 ± 0.0003
v¯ (km/s) 5317 5399
σv (km/s) 1163 ± 49 1107 ± 54
z¯c 0.0172 ± 0.0002 0.0175 ± 0.0002
v¯c (km/s) 5160 5242
σv,c (km/s) 1143 ± 48 1088 ± 53
Rvir,200 (Mpc) 2.8 ± 0.1 2.7 ± 0.1
Rvir,p (Mpc) 2.4 ± 0.5 2.1 ± 0.4
Mvir,200( 1015M) 2.6 ± 0.3 2.2 ± 0.3
Mvir,p( 1015M) 2.2 ± 0.5 1.8 ± 0.4
M∗pm( 1015M) 2.7 ± 0.2 2.2 ± 0.2
Notes. ∗ adopting kpm = 32/pi for isotropic orbits (Heisler et al. 1985)
(Harrison 1974). The uncertainty of the velocity dispersion is the
standard deviation estimator (Ahn & Fessler 2003). The mean
redshift with respect to the cosmic microwave background, z¯c =
0.0172, corresponds to a cluster distance of 74 Mpc, a distance
modulus DM = 34.34 mag and a scale of 0.36 kpc arcsec−1. The
angular size of the Abell radius is 100 arcmin. These values are
used in the rest of this paper.
5.3. Cluster mass and radius
Under the assumption of virial equilibrium and spherical sym-
metry, the line-of-sight velocity dispersion can be related to the
cluster virial mass Mvir and virial radius Rvir,∆ where the lat-
ter can be expressed in terms of the density contrast parameter
∆ = ρvir/ρcrit with ρcrit as the critical density of the Universe
(e.g. Lewis et al. 2002). The radius Rvir,200 that encloses a mean
density 200 times the critical density at z is usually considered
roughly equivalent to Rvir (e.g. Carlberg et al. 1997). Another
version of the virial radius estimator, Rvir,p, is based on the pro-
jected distances between the galaxies (Heisler et al. 1985). An
alternative mass estimator is the projected mass Mpm (Bahcall
& Tremaine 1981; Heisler et al. 1985; Crook et al. 2007).
The estimated values of Rvir,200 and Rvir,p, the virial mass
based on Rvir,200 and Rvir,p, and the projected mass Mpm for
the Perseus cluster are listed in the lower part of Table 2. We
found 2.1 . . . 2.8 Mpc for the virial radius. For comparison, the
catalogue of groups of galaxies in the 2MASS redshift survey
lists A 426 with σv = 1061 km/s and Rvir,p = 2.54 Mpc, based
on 117 group members (Crook et al. 2007). Our result is also
in good agreement with Rvir = 2.44 Mpc derived by Math-
ews et al. (2006) from modelling the hot gas distribution invok-
ing hydrostatic equilibrium, but it is larger than 1.79 Mpc from
Simionescu et al. (2011). Rvir,p depends on the central concentra-
tion of the selected galaxies. As mentioned in Sect. 3.3, the se-
lection effects in the spectroscopic sample are largely unknown,
but there is very likely a selection bias towards the central cluster
region. Furthermore, a bias towards brighter galaxies is expected
to result in a smaller value of Rvir,p because of the known lumi-
nosity segregation in the Perseus cluster (e.g. Kent & Sargent
1983; Brunzendorf & Meusinger 1999, Sect. 5.4 below). We did
indeed find a systematic increase in Rp with the mean W1 magni-
tude for the samples from Table 1 with 2.25 Mpc for MLS_W1b
and 2.95 Mpc for MLS_ur. A radius of 2.8 Mpc corresponds to
an angular radius of 130 arcmin and thus our survey field extends
over approximately the full virial radius of the cluster, though the
outer part (> 100 arcmin) is not completely covered.
All three methods result in a total mass estimator in the range
(1.8 . . . 2.7) 1015M (Table 2, bottom). The projected mass esti-
mator is in very good agreement with the virial mass estimator
Mvir,200. (The uncertainty ofMpm was derived by bootstrapping
and is a lower limit only because it does not include the uncer-
tainty of kpm.) The values of Mvir,200 and Mpm derived for the
early-type galaxies are identical with Mpm = 2.2 1015M re-
ported by Crook et al. (2007). Mvir,p is a factor of 1.2 smaller,
which is caused by the same selection effects that lead to a
smaller value of Rvir,p. The mass estimation is based on the as-
sumption that the radial velocity dispersion of the selected galax-
ies is a tracer of the cluster mass, which may not be the case if
the velocity histogram of the galaxies differs significantly from
a Gaussian distribution. Though the histograms in Fig. 14 indi-
cate that the Gaussian fit is not perfect, we conclude from the χ2
test that we do not need to reject the assumption of a Gaussian
distribution.
5.4. Radial surface density profile
The projected galaxy density in rich galaxy clusters is usually
described by King or Hubble profiles. Alternatively to these
‘core profiles’, theoretical profiles with ‘cusps’ are in use: the
Sérsic profile and the NFW profile. Here we followed the ap-
proach by Adami et al. (1998) and compared the observed radial
profile with four different generalised theoretical models:
Σ ∝ [1 + x]−2β + Σb (generalised Hubble) (1)
Σ ∝ [1 + x2]−β + Σb (generalised King) (2)
Σ ∝ [Rs f (x, c)/(1 − x2)] β + Σb (generalised NFW) (3)
Σ ∝ exp{−bn[x β − 1]} + Σb (Sérsic), (4)
where x = R/Rc is the projected cluster-centric distance in units
of a scale radius Rc, which has different meanings in the dif-
ferent models. For the Hubble and King model, respectively, Rc
corresponds to the core radius R0. The projected NFW profile
was taken from Bartelmann (1996); the function f (x, c) is given
there, with c = Rvir/Rc being the concentration parameter and
Rvir the virial radius. The term bn in the Sérsic model, which is a
generalised de Vaucouleurs model, is not a parameter but a func-
tion of the Sérsic index n = 1/β (e.g. Merritt et al. 2006). Σb is
the projected background density.
The models have three free parameters: Rs, β, and Σb. Two
additional parameters are the cluster centre coordinates. Errors
in the central position mainly affect the inner part of the de-
rived cluster profile. The galaxy catalogue lists cluster-centric
distances based on the median cluster centre from Ulmer et al.
(1992). Here, we re-defined the cluster centre by the luminosity-
weighted mean position of the catalogue galaxies in an iterative
process. First, we identified a preliminary centre with the mean
position in a 40 arcmin wide box centred on NGC 1275. In a
second step, we centred a box of the same size on this prelimi-
nary centre and re-computed the luminosity-weighted mean po-
sition. The distances to this new cluster centre at RA, DEC =
49◦.932, 41◦.494 lead to a steeper radial number density profile.
Since a wrongly determined cluster centre tends to reduce or de-
stroy a potential cusp (e.g. Adami et al. 1998), we believe that
the new cluster-centric distances are more adequate in the con-
text of the present section.
Figure 16a shows the projected radial K-band luminosity
density profile overplotted by the best-fitting curves from Eqs. 1-
4 for an adopted uniform background density equal to 25% of the
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Fig. 16. Radial projected profiles for the K-band surface brightness (a)
and the number densities (b and c). Bars indicate formal statistical er-
rors (vertical) and binning intervals (horizontal). The curves in panel
a are for the model parameters from Table 3. In panel b, the Hubble
model is for (Rc, β,Σb) = (10′, 0.9, 0), the dotted curve includes a back-
ground fraction fb = 0.15. The dashed curve is a double-King profile
with (Rc,1, β1,Rc,2, β2) = (3′, 1, 10′, 0.58) and Σb = 0. In panel c, the
symbols are interconnected by dashed lines just to guide the eye.
density in the largest R bin (corresponding to a total background
fraction fb = 0.15 for MLS_W1). The K-band luminosity LK
was computed from the absolute magnitude MK = K − DM − k
adopting MK, = 3.27 (Vega) (Cox 2000), where K is the
2MASS K-band magnitude corrected for Galactic foreground
extinction (Sect. 3.2), k = −6 log(1+z) is the K-band k-correction
(Kochanek et al. 2001); a fixed distance modulus of DM = 34.34
is adopted for all galaxies. If no 2MASS photometry is available,
K was estimated from the mean relation K = −1.2+1.08 ·W1 us-
ing the WISE W1 magnitude. The best-fit parameters (Table 3)
were found by minimising χ2 on a grid in the three-dimensional
parameter space (Rs, β,Σb). According to the χ2 fitting test, the
null hypothesis, that the observed radial profile is represented
by the best fitting model, has not to be rejected on a 99% level
for a significance level α = 0.01 and nine degrees of freedom.
Adopting other values of Σb results in slightly different values
of Rs and β but similarly good fits. Generally, the core models
reproduce the observed profiles better than the cusp models, in
accordance with the results from the analysis of the number den-
sity profiles for a sample of rich clusters (A 426 not included)
by Adami et al. (1998). The Rc values (Table 3) are three times
smaller than those reported by Adami et al. (1998). This is most
likely because the luminosity profile in Fig. 16a is dominated by
the most luminous galaxies in the cluster core region.
Table 3. Best fit parameters for the projected radial surface brightness
profile for sample MLS_W1 with a background fraction fb = 0.15.
Sample model Rc (′) β χ2
generalised Hubble 2′.7±0.4 0.98±0.18 12.2
generalised King 2′.0±0.5 0.83±0.20 8.6
generalised NFW 4′.3±1.0 0.99±0.11 13.8
Sérsic 27′.5±11.6 3.37±0.90 17.1
The projected radial number density profiles are shown in the
middle panel of Fig. 16. The observed data for the magnitude-
limited samples are best reproduced by a Hubble profile with
a background fraction fb ≈ 0.15 and the profile parameters
β = 0.9 and Rc = 10′, corresponding to 216 kpc. The aver-
age value of the Hubble core radius in the Adami et al. (1998)
sample is 〈Rc〉 = 189 ± 116 kpc. Compared with the spectro-
scopic sample, the observed profiles for the magnitude-limited
samples flatten at R >∼ 20′. Such a trend could be caused by back-
ground contamination. On the other hand, both a selection bias
in the spectroscopic sample (Sect. 3.3) and the luminosity segre-
gation do also contribute to this difference (Fig. 16c). Hence, the
magnitude-limited samples are expected to show a flatter profile.
Alternatively, a perfect fit can be achieved by the superimposi-
tion of two King profiles, as is illustrated by the dashed curve
in panel b. Such ‘double-beta’ models have been invoked to de-
scribe the radial profile of the X-ray gas in clusters (Mohr et al.
1999; Holanda 2018).
5.5. Substructure
5.5.1. Projected local density
We computed, for each galaxy i, the projected local density pa-
rameter
Σi = k
1
2
[
4
pid2i,4
+
5
pid2i,5
]
(5)
(Baldry et al. 2006; Rawle et al. 2013), where di,4 and di,5 are the
projected distances to the 4th and 5th nearest galaxy in arcmin
and k is an arbitrary constant. We set k = 100, so that Σ gives the
number of galaxies in the local environment extrapolated to an
area of 100 square arcmin if di is given in arcmin. The density
parameter was computed for each galaxy sample separately.
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Fig. 17. Local projected density parameter Σ versus cluster-centric dis-
tance for the galaxies in the samples eSCGS (red), MLS_ur (green),
MLS_W1 (blue), and MaxS (black).
Figure 17 compares the projected local density parameter Σ
to the projected cluster-centric radius for the four samples. The
diagonal line is the linear regression curve for the eSCGS galax-
ies. The generally good correspondence over about two orders of
magnitude suggests that the Perseus cluster is mostly relaxed, al-
though some over-density is indicated at cluster-centric distances
R ≈ 0.5, 1.7 and 2.8 Mpc. The bright magnitude-limited sample
MLS_W1b (not shown for clarity) shows a similar correlation,
where the local densities tend to be smaller, of course. For the
maximum sample (MaxS), on the other hand, the Σ values tend
to be larger and the correlations are weaker because of more and
stronger density concentration at larger R.
Figure 18 shows bubble sky-plots where each galaxy is rep-
resented by a small black dot surrounded by a circle whose ra-
dius is set proportional to log(1 + Σ). The cluster centre is at
RA, DE = 49◦.9, 41◦.5. A clustering of larger bubbles indicates
a possible location of substructure in the projected distribution.
Conspicuous structures in the whole catalogue sample are the
core of the Perseus cluster, the well-known chain of bright galax-
ies in WSW direction from the centre, and the background clus-
ter at RA, DEC, z = 50◦.1, 43◦.1, 0.051 (Sect. 4.5). In addition to
the chain of bright galaxies, the plot of the eSCGS galaxies also
shows a nearly parallel structure south of the core. The same
structure is seen in the two magnitude-limited samples.
5.5.2. Three-dimensional (DS) test
Substructures in the projected density distribution may be coin-
cidental results of projection effects. The DS ∆ test (Dressler &
Shectman 1988) is one of the most sensitive three-dimensional
tests (Pinkney et al. 1996) and has become a standard tool in
cluster studies (e.g. Mulroy et al. 2017; Golovich et al. 2018).
For each galaxy i the algorithm measures the dimensionless de-
viation
δi =
√
Nnn + 1
√
(v¯loc − v¯)2 + (σv,loc − σv)2
σ2v
(6)
of local (index ‘loc’) and global mean velocity v¯ and velocity
dispersion σv where Nnn is the number of nearest neighbours
(including the galaxy i itself) in the plane of the sky. The result
is usually presented in a bubble sky-plot. A clustering of larger
bubbles indicates a most likely location of substructure.
Fig. 18. Bubble plot diagram for the local density parameter Σ (Eq. 5)
for the whole catalogue sample (top) and the eSCGS (bottom).
Figure 19 shows the bubble plot for the SCGS galaxies
with Nnn =
√
N = 17 following Pinkney et al. (1996). The
three colours indicate three intervals of the relative velocity vrel.
Galaxies within ±σv from the mean cluster velocity are shown
in black, galaxies in the blue or the red wing by blue or red sym-
bols, respectively. With only one exception, all larger bubbles are
either red or black. The largest deviations are seen about 20′ NW
of the cluster centre and about 20′ south of the centre. Both two
regions are seen also in Fig. 18 where the NW substructure is
however only weakly indicated. The individual inspection does
not reveal any other conspicuous properties of the galaxies in
these regions. The chain of bright galaxies seen in Fig. 18 does
not appear as a substructure in the three-dimensional map. The
DS test is based on the null hypothesis of constant mean velocity
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Fig. 19. Bubble plot diagram for the DS test. Galaxies are plotted by
hexagons whose size is proportional to the test statistic δ on an expo-
nential scale where the colours represent different intervals of relative
velocities (see text).
and velocity dispersion as a function of position. The presence of
substructure is quantified by the cumulative deviation ∆ =
∑
i δi.
We measured ∆ = 382.0 for the SCGS galaxies. These results
must be compared to the results from data files that are con-
sistent with the null hypothesis of no correlation between posi-
tion and velocity. Following Dressler & Shectman (1988) and
Pinkney et al. (1996), we performed Monte Carlo simulations of
the input data where the positions stayed fixed and the velocities
were shuffled randomly with respect to the positions. From 2000
Monte Carlo runs we found ∆MC = 313.6 ± 32.1, which means
that the ∆ value for the observed velocities from our spectro-
scopic cluster galaxy sample is ≈ 2σ above the value expected
under the null hypothesis. The simulated ∆ was larger than the
observed one in 52 runs (2.6%). That is, the null hypothesis has
to be rejected at a 2.6% significance level, which is a marginal
result.
6. Properties of the cluster galaxy population
6.1. Morphological types
6.1.1. Morphological types and SDSS colour-magnitude
diagram
Figure 20 shows the colour-magnitude diagrams (CMD) for the
three samples eSCGS, MLS_ur and MLS_W1, where u and r
are the SDSS magnitudes corrected for galactic foreground ex-
tinction. The few faint galaxies with Mr < −16 (about 0.5-
2%, dependent on the sample) were ignored. For comparison,
the 19 730 SDSS DR14 galaxies in the redshift range z =
0.010...0.026 are overplotted as equally-spaced local point den-
sity contours with a grid size of ∆x,∆y = 0.1, 0.05. In the top
row, the morphological types from our visual classification are
indicated by red squares for early types, blue squares for late
types, and by ‘M’ for mergers (cl1 = 9). Disturbed systems (pe-
culiarity flag pec ≥ 1) are indicated by asterisks. The second
row shows the same diagrams, but the colour coding denotes
the morphological classification into disc-dominated (fracDeV
< 0.5, blue) and bulge-dominated (fracDeV > 0.5, red) systems.
Because of the incompleteness of the SDSS data (Sect. 3.2) not
all sample members are plotted. For example, for the 313 eS-
CGS galaxies, the fracDeV parameter is available for 300 and
u−r for 284 systems. However, the proportion of late-type galax-
ies among the galaxies with available SDSS magnitudes (0.27)
is very close to that for the whole sample (0.27). The same ap-
plies to the proportion of disc-dominated galaxies based on the
fracDeV parameter: 0.30 for the photometric sub-sample and
0.31 for the whole sample.
For the cleanest of the three samples, the eSCGS, the follow-
ing conclusions can be drawn from Fig. 20 (left column): Early-
type galaxies are strongly concentrated in the red sequence.13
There is a systematic shift by approximately 0.2 mag of the
cluster red sequence relative to the contour map towards red-
der colours. The cause is unknown to us, but it is most likely
related to uncertainties of the SDSS photometry in the supple-
mentary fields (see Sect. 3.2). Late-type galaxies are distributed
over a wide range of colours, with about 50% of them located
in the blue cloud (u − r < 2.2). The repeated inspection of the
SDSS images of all apparently red (u − r > 2.5) late-type eS-
CGS galaxies revealed several plausible causes: edge-on discs
with prominent dust lanes, incorrect photometry where the mea-
surement was dominated by the bulge component or affected by
foreground stars, misclassified S0 galaxies (particularly edge-on
systems and systems with a bar or ring), or true passive, red
spirals. Bulge-dominated systems (fracDeV > 0.5) are mainly
found (93%) in the red sequence, but the faint part of the red
sequence at Mr > −19 is dominated by disc-dominated systems
(fracDeV < 0.5). The CMD for the bright sample MLS_W1b is
basically consistent with the bright part of the eSCGS CMD.
The MLS_W1 CMD (central column) shows conspicuous
differences. First, the fainter (Mr >∼ −18) blue galaxies are miss-
ing because of the selection bias introduced by the W1 mag-
nitude cut in combination with the colour term in the r − W1
relation (Sect. 4.4). For the whole catalogue sample we find
r−W1 ≈ 1.1+0.51 (u−r). That is, at a given limiting magnitude
W1lim, we selected galaxies in the red sequence (u − r ≈ 2.5)
down to a limiting r magnitude about 0.5 mag fainter than for
the blue cloud galaxies (u − r ≈ 1.5). The corresponding (u − r)
versus Mr,lim relation is shown as a dashed black line. The other
remarkable difference to the left-hand side of Fig. 20 is a cloud
of faint (r >∼ 15) and red (u− r >∼ 2.8) galaxies. The re-inspection
of the SDSS explorer pages supports the interpretation by pho-
tometric errors due to image crowding, the SDSS warning flag
of unreliable photometry is set in many cases.
The CMD of the MLS_ur galaxies is characterised by the
explicit colour selection, which excludes the faint red galaxies
in the top left corner of the MLS_W1 CMD and includes the
galaxies from the blue cloud.
Table 4 lists statistical properties that characterise the mix-
ture of morphological types in the samples from Table 1. The
second column gives the number N of galaxies in the sample (af-
ter excluding the few faint galaxies with Mr > −16). In the third
13 There are two remarkable exceptions. One is the cD galaxy
NGC 1275 (# 691) at u − r = 1.82,Mr = −22.6, which was classified
here as a peculiar E galaxy. We found that its surface brightness profile
fits the de Vaucouleurs r1/4 law up to at least 60 kpc in agreement with
previous results (e.g. Prestwich et al. 1997). The other blue early-type
galaxy is J032311.4+402753 (# 1020) at u − r = 1.15,Mr = −17.3, a
blue compact galaxy that is surrounded by several smaller and fainter
objects.
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Fig. 20. Colour magnitude diagrams for the samples eSCGS, MLS_ur, and MLS_W1 (left to right). Different colours indicate morphological
types (top) or the fracDeV type (bottom). Morphological peculiarities are indicated by an overplottet plus sign, a framed ‘M’ (top raw) indicates
a merger system. The dashed lines mark the approximate border of the colour selection area for the magnitude-limited samples (see text). The
magenta contours show the population density of nearby galaxies from SDSS. The solid lines mark the transition between red sequence and green
valley (red) and green valley and blue cloud (green).
Table 4. Statistical properties of the galaxies with Mr < −16 in the
samples from Table 1 (see text).
Sample N rl/e rd/b rb/r
MLS_W1b 191 0.22 0.15 0.06
SCGS 277 0.28 0.36 0.12
eSCGS 297 0.36 0.44 0.19
MLS_ur 367 0.66 0.63 0.48
MLS_W1 403 0.39 0.48 0.12
MaxS 1036 0.78 1.61 0.43
column, the number ratio rl/e = Nlate/Nearly of late-type to early-
type galaxies is given based on the visual morphological classifi-
cation. Column four lists the ratio rd/b = NfracDeV<0.5/NfracDeV>0.5
of disc-dominated to bulge-dominated galaxies based on the
fracDeV parameter. Finally, the ratio rb/r = Nblue/Nred of the
number of galaxies in the blue cloud (u − r < 2.2) to the num-
ber of galaxies in the red sequence (u − r > 2.2) is given in the
last column. As in Table 1, the samples are sorted by the sample
size N, which roughly correlates with the limiting magnitude.
The proportion of blue, disc-dominated, late-type galaxies in-
creases from top to bottom. An exception is MLS_W1, which
is biased against the fainter blue galaxies, as discussed above.
The trend with the limiting magnitude can be explained by two
effects. First, the blue cloud and the red sequence have distinct
luminosity distributions (Fig. 20). The different limiting magni-
tudes of the samples thus naturally lead to different portions.
Secondly, a fainter magnitude limit is expected to be accompa-
nied by a higher contamination by the background field, which
has a higher percentage of late-type galaxies than the cluster.
The difference between the SCGS and eSCGS is easy to under-
stand because all the galaxies in the eSCGS that are not SCGS
members are Hα emitters (Sect. 4.3) and thus most likely blue
star-forming galaxies. The percentage of Hα emitters increases
from 20% in SCGS to 25% in eSCGS.
6.1.2. Morphology-density-position relation
To investigate the relationship between morphology, density, and
position, we compared morphological parameters X with posi-
tional properties Y , where X is expressed either by the num-
ber ratio rl/e of late types to early types or the number ratio
rd/b of disc-dominated to bulge-dominated galaxies based on
the fracDeV parameter. Y can be either the cluster-centric dis-
tance R, the normalised local projected density Σ/Σmax, or the
normalised substructure parameter δ/δmax (spectroscopic sample
only).
As a first step, Kendall’s rank correlation coefficient τ was
used to measure the ordinal association between X and the mean
values Y¯ in five Y intervals with approximately the same num-
ber of galaxies per bin (Fig. 21). A general trend of a smaller
ratio rl/e in the central region and at higher Σ is indicated for all
samples, but the results are rather ambiguous. For the rl/e − R
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Fig. 21. Radial segregation in the eSCGS: number ratio of late-type to early-type galaxies. The left and middle panels show binned data where
each bin contains roughly the same fraction of galaxies from the parent sample. Symbols are mean values, horizontal bars indicate the bin width,
vertical bars the Poissonian errors per bin. The right panel displays the corresponding Σ − R diagram where the polygons are the mean relations.
relation, the null hypothesis of independence can be rejected at
α = 0.05 for MLS_W1b, SCGS, and eSCGS but not for MLS_ur,
MLS_W1, and MaxS. For the rl/e − Σ relation, on the contrary,
the null hypothesis can be rejected for MLS_W1b, MLS_ur,
MLS_W1, and MaxS but not for SCGS and eSCGS. The discrep-
ancy is strongest for MaxS, which might hint at substantial back-
ground structures at larger R that improve the correlation with Σ
but impair the correlation with R. The correlation diagrams for
X = rd/b show a larger scatter and the statistical test indicates
a significant association only for one case, the rd/b − R relation
for MLS_W1. The mean Σ − R relations of the late-type and
early-type galaxies do not significantly differ from each other.
That is, the observed trend with Σ is most likely a consequence
of the trend with R in combination with the projected cluster
density profile (Fig. 21, right). The same applies to the compar-
ison of disc-dominated and bulge-dominated galaxies. There is
no significant association with the three-dimensional local sub-
structure parameter δ.
In a second approach, we subdivided the galaxy sample into
two disjoint sub-samples S1 and S2 of comparable size as de-
scribed in Table 5. Pearson’s Z test for the comparison of two
proportions X1 and X2 was applied. The test statistic is
zˆ =
X1 − X2√
Xtot(1 − Xtot)
√
N1N2
Ntot
, (7)
where X can be either the proportion fl of late-type galaxies or
the proportion fd of disc galaxies, the indexes 1, 2 and ‘tot’ refer
to the sub-samples and the total sample (S1 + S2). The zˆ values
for the six X,Y combinations and the six samples from Table 1
are listed in Table 6. We applied an upper-tailed test with the
null hypothesis H0 : X1 ≤ X2 and the alternative hypothesis
HA : X1 > X2. At a given error probability (significance level) α,
H0 is rejected in favour of HA if zˆ > zα.
Table 5. Subsamples S1 and S2. Here, 〈δ〉 means the median of δ.
Y S1 S2
R R = 1 . . . 2 Mpc R ≤ 0.5 Mpc
Σ log Σ/Σmax < −1.3 log Σ/Σmax ≥ −1.3
δ δ < 〈δ〉 δ ≥ 〈δ〉
If we set α = 0.05 (zα = 1.65), H0 can be rejected for Y = R
or Σ for all samples. Moreover, H0 can be rejected at the low
error probability α = 0.01 (zα = 2.33) in the cases of fl,R, fl,Σ,
and fd,R for all samples and in the case of fd,Σ for SCGS, eS-
CGS, MLS_W1, and MaxS. On the other hand, there is no rea-
son to reject H0 for the relations with Y = δ. The Z test clearly
supports the finding that late-type galaxies prefer the outer parts
of the cluster and lower local projected densities. On the other
hand, there is no strong support for a continuous variation in the
ratios rl/e and rd/b with R or Σ. No association is indicated with
the 3-dimensional substructure parameter δ.
Table 6. Z test statistic zˆ for six X,Y combinations.
X,Y fl,R fl,Σ fl, δ fd,R fd,Σ fd, δ
MLS_W1b 4.28 4.00 - 2.54 2.32 -
SCGS 4.61 3.66 0.69 2.69 2.56 -1.04
eSCGS 5.11 4.57 - 2.86 3.02 -
MLS_ur 6.62 3.43 - 4.54 1.66 -
MLS_W1 6.15 4.24 - 3.75 2.90 -
MaxS 8.41 5.07 - 5.15 3.88 -
6.2. Galaxy luminosity function and total stellar mass
We focus on the K band luminosity function (LF) of the sub-
sample MLS_W1. Infrared LFs are, compared to optical bands,
much less affected by dust extinction (galactic foreground and
intrinsic) and are less sensitive to k-corrections and the SF
history in different galaxy types (e.g. Mobasher & Trentham
1998; Andreon & Pelló 2000). A photometric incompleteness
is introduced by the incompleteness of the 2MASS catalogue
(Sect. 3.2). For those 22 galaxies in MLS_W1 (5%) without
2MASS K-band magnitudes we simply used the WISE W1 mag-
nitudes in combination with the mean relation K = −1.2 +
1.08W1 that was derived from our catalogue data. Absolute
magnitudes MK were computed as in Sect. 5.4. The galaxies
were binned in 0.5 mag wide MK intervals. To correct for the
background contamination we applied basically the same proce-
dure as described in the context of Fig. 10 (Sect. 4.4.3). In each
bin, the background fraction fb was estimated and multiplied by
the number of MLS_W1 galaxies without known redshift. The
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thus estimated number of background systems was subtracted
from the total number per bin. To correct for incompleteness
in the galaxy selection, we applied correction factors derived
from the comparison of the 2MASS galaxy counts (solid line
in Fig. 10) with the estimated number of background galaxies in
MLS_W1 in each bin.
The resulting LF is shown in Fig. 22. For comparison, also
the LF for the eSCGS is plotted (red symbols). The downturn
of the latter towards fainter absolute magnitudes clearly reflects
the incompleteness of the spectroscopic sample. The original
(uncorrected) counts from the MLS_W1 are indicated by star
symbols, the corrected data (background and incompleteness) by
open squares. These two opposite effects virtually cancel each
other out. The corrected counts are on average slightly lower
than the original ones, but this depends strongly on the adopted
N(K) relation for the background galaxies. Because we do not
want to parametrise our lack of knowledge, we decided to fit a
Schechter LF to the original counts only. The logarithmic form
of the Schechter function in terms of absolute magnitudes MK is
log Φ(MK) = C − α + 12.5 (MK − M
∗
K) − log e · 10−0.4(MK−M
∗
K) (8)
with C = log(0.4 ln 10 · Φ∗). The parameters for the best
Schechter fit are listed in Table 7. The galaxy NGC 1275 is not
fitted by the Schechter LF, as is generally known for BCGs (e.g.
Lin et al. 2004). There is a good match between our best fit and
the Schechter parameters M∗K and α found by Kochanek et al.
(2001) (dashed-dotted) for the general galaxy field from 2MASS
data. The shape of the LF is also fairly similar to those found for
the Coma cluster by De Propris & Pritchet (1998) and Andreon
& Pelló (2000) based on H-band photometry.14 The Schechter
functions for the parameters from De Propris & Pritchet (1998),
Andreon & Pelló (2000), and Kochanek et al. (2001) corrected
for the differences in the cosmological models, are also plotted,
arbitrarily normalised at MK = −24. De Propris (2017) inves-
tigated the K-band LF for galaxies in 24 low-z clusters and de-
rived, independent of the environment, K∗ = 12.79 ± 0.14 for
the full composite at z = 0.075, which corresponds to M∗K =−24.67±0.14 if we adopt our K −MK transformation. These au-
thors decided not to use 2MASS photometry and found by com-
parison with their photometry that 2MASS magnitudes are sys-
tematically 0.3 mag fainter. Taking this difference into account,
our Schechter absolute magnitude agrees with their composite
LF within the given errors. On the other hand, our faint-end slope
α is significantly flatter than their value of α = −1.41 ± 0.10.
Kelvin et al. (2014) argued that the total LF is best described by
a double-Schechter form. If there is a second upturn at the faint
end, the slope α of a single Schechter fit depends on the limiting
magnitude of the available data. However, we feel that the main
reason for the difference is the uncertainties in the incomplete-
ness correction.
The integral of the Schechter function plus NGC 1275 gives a
total luminosity of LK,tot = (12.4 ± 1.6)1012 L. Galaxies fainter
than MK = −20 contribute only <∼ 2%, the presumably miss-
ing galaxies at MK >∼ −22 have no substantial effect and can
be ignored. We divided the sample into sub-samples according
to morphological types where the 163 galaxies with cl1 ≤ 3
are considered to represent early types and the 97 galaxies with
cl1 ≥ 5 to represent late types. Compared to the entire sample,
the Schechter magnitudes are fainter by approximately 0.4 mag
for early types and by 1 mag for late types. The faint-end slope α
14 We used the mean relation H − K = 0.29 (±0.07) mag from our data
to transform their Schechter magnitude M∗H into the K band.
Fig. 22. K-band LF for the galaxies from the magnitude-limited sam-
ple MLS_W1 (stars with error bars) with the best-fit Schechter function
(solid curve). The background-subtracted and incompleteness-corrected
counts are shown as open squares. The LF from the galaxies with
known redshift (eSCGS) is shown in red. For comparison, the LF from
Kochanek et al. (2001) (dashed-dotted) and the LFs for the Coma cluster
from De Propris & Pritchet (1998) and Andreon & Pelló (2000) (dashed
and dotted) are overplotted, arbitrarily normalised at MK = −24.
is steeper for the late-type galaxies, but the Schechter fit is poor.
These trends are in good qualitative agreement with the findings
by De Propris (2017). Early-type galaxies contribute 64% to the
total K-band luminosity, late-type galaxies 26%, and the (mostly
fainter) galaxies with the uncertain classification S/S0 contribute
10%.
Table 7. Parameters of the LF functions for MLS_W1.
all early late
N 412 163 97
M∗K −24.25 ± 0.15 −24.10 ± 0.15 −23.50 ± 0.20
α −1.03 ± 0.15 −0.65 ± 0.15 −1.05 ± 0.20
LK,12 12.4 ± 1.6 7.9 ± 1.4 3.2 ± 1.1
Mstars,12 9.9 ± 1.3 6.3 ± 1.1 2.6 ± 0.9
Notes. LK,12 andMstars,12 are the total K-band luminosity and the total
mass in units of 1012 L and 1012M.
Because the K-band luminosity is a good proxy for the stel-
lar mass, we can estimate the total stellar mass in the Perseus
cluster assuming a mean mass-to-luminosity ratio M/L. From
modelling of stellar populations with different stellar initial mass
functions (IMF), Cole et al. (2001) derivedM/L = 1.32M/L
for the Salpeter IMF and 0.73M/L for the Kennicutt IMF.
For the assumptionM/L = 0.8M/L (Graham & Scott 2013;
Busch et al. 2014) we estimateMstars = (9.9 ± 1.3) 1012M for
MLS_W1 where the uncertainty interval reflects only the un-
certainty of LK, a larger additional uncertainty comes from the
unknown IMF. A lower limit set by the spectroscopic sample for
the whole survey field is 10.1 1012M. The stellar mass might be
larger by a factor 1.3 if the 2MASS magnitudes are too faint by
0.3 mag (De Propris 2017). Another correction factor of about
1.15 ± 0.10 would be necessary to account for the fraction of
stars that were stripped from their host galaxies and feed the dif-
fuse intra-cluster light (Mihos 2016; Montes & Trujillo 2019).
Therewith, the total stellar mass is (1.2 . . . 1.9) 1013M.
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6.3. SMBH mass function and total SMBH mass
It is commonly assumed that any massive galaxy hosts a super-
massive black hole (SMBH) and that the SMBH mass correlates
tightly with the velocity dispersion, the K-band luminosity, and
the stellar mass of classical bulges and ellipticals (Review: Ko-
rmendy & Ho 2013). SMBH masses MSMBH can be estimated
from the absolute magnitude of the bulges MK,b adopting the re-
lation
log(MSMBH/108M) = 0.734 − 0.484(MK,b + 24.21) (9)
(Kormendy & Ho 2013), which is calibrated in the intervals
log(MSMBH/108M) = −2 . . . 1.3 and MK,b = −19 . . . − 27.
The absolute K magnitude of the bulge is given by MK,b =
MK − 2.5 log(B/T )K, where the ratio B/T of the light from the
bulge to the total light of the galaxy depends on the morphologi-
cal type. Two-dimensional bulge-disc decompositions were per-
formed for large galaxy samples from the SDSS legacy area in
several studies (e.g. Simard et al. 2011; Kelvin et al. 2012; Meert
et al. 2015; Kim et al. 2016) but unfortunately not for the special
field of the Perseus cluster. The SDSS parameter fracDeV does
not directly represent the fraction of light from the bulge (Shao
et al. 2015) but can be used as a quantitative measure of the type.
Masters et al. (2010) matched their sample of well-resolved spi-
rals from the GalaxyZoo (Lintott et al. 2011) and the Millennium
Galaxy Catalogue (MGC, Liske et al. 2003) to construct a linear
relation between fracDeV from SDSS and B/T as measured by
the MGC. Here we used a combination of the 〈B/T 〉–type rela-
tion from Graham & Scott (2013) and the 〈B/T 〉–fracDeV re-
lation from Masters et al. (2010). For simplicity, B/T = 0 was
adopted for disc-dominated systems with fracDeV < 0.1 and
B/T = 1 for E galaxies. In this way, we found that 231 galax-
ies (56%) from the MLS_W1 sample have SMBH masses larger
than 107M.
Fig. 23. SMBH mass function for the magnitude-limited sample
MLS_W1 fitted by a Schechter-type function. Vertical bars represent
counting errors, horizontal bars are the binning intervals.
The resulting SMBH mass function is displayed in Fig. 23
for the magnitude-limited sample MLS_W1. The shape resem-
bles the LF from Sect. 6.2, hence the mass distribution can be
fitted by a Schechter function. The Schechter parameters and the
total mass are listed in Table 8, where N is the number of galax-
ies involved in the Schechter fit. We estimate a total SMBH mass
of 3.3 1010M, corresponding to 0.3% of the total stellar mass.
Table 8. Parameters of the SMBH mass functions for MLS_W1.
all early late
N 250 142 59
M∗SMBH,10 4.8 ± 1.0 4.3 ± 1.0 1.5 ± 0.5
α −1.10 ± 0.12 −0.83 ± 0.15 −0.90 ± 0.15
MSMBH,10 3.3 ± 0.8 2.7 ± 0.8 0.4 ± 0.1
Notes. M∗SMBH,10 and MSMBH,10 are the Schechter mass and the total
mass of SMBHs in units of 1010M.
We note that the whole sample is not identical with the sum of
the two sub-samples because the sub-samples do not include the
(mostly fainter) galaxies of the uncertain type S/S0 that consti-
tute 6% of the total SMBH mass. SMBHs of less than 107M
contribute only 3%. The total SMBH mass in early-type galax-
ies is nearly 7 times the total SMBH mass in late-type galaxies.
AGN signify the growth of SMBHs by accretion of matter
from the host galaxy, from a wet galaxy merger, or from the sur-
roundings. As a back-of-the-envelope estimate we use the esti-
mated total SMBH mass to compare the total energy released
during the growth of the SMBHs ESMBH = c2MSMBH/(1 −
) with the internal kinetic energy of the ICM gas Egas =
3MgaskBT/2mp where  is the radiative efficiency of the accre-
tion process, Mgas and T are the mass and temperature of the
hot ICM, mp is the proton mass. With MSMBH = 3.3 1010M
(Table 8),Mgas/LK = 20M/L within R ≈ 2 Mpc (Matsushita
et al. 2013), kBT = 5.5 keV (Ebeling et al. 1996), and adopting
the ‘canonical’ value  = 0.1, we find ESMBH = 6 · 1056 Ws ≈
3 · Egas. Provided that the energy output can efficiently couple
onto the interstellar gas of the host galaxies or the ICM of the
cluster, the AGN population must have played a non-negligible
role in the cluster evolution, as had been suspected for a long
time (e.g. Martini et al. 2006; Hart et al. 2009).
7. Active galaxies
7.1. Star forming galaxies
7.1.1. SFR and stellar mass from Chang et al. (2015)
Chang et al. (2015) combined SDSS and WISE photometry
for the full SDSS spectroscopic galaxy sample, creating spec-
tral energy distributions (SED) that cover the wavelength range
0.4 − 22 µm for more than 8 105 galaxies. They employed SED
modelling that consistently treats stellar emission along with ab-
sorption and re-emission by interstellar dust and results in robust
masses and star formation rates (SFR). The cross-correlation
with our catalogue gives 247 matches, among them 180 spec-
troscopic cluster members. Figure 24 shows the SFR versus stel-
lar mass M∗ for the cluster (filled symbols) and background
galaxies (open symbols). The dashed diagonal line is the median
log SFR − logM∗ from Chang et al. (2015) with a downward
scatter of 0.64 dex that is used here to define a demarcation (solid
line) between star forming (SF) and quiescent galaxies. The two
panels highlight the differences between the galaxies from the
red sequence and the blue cloud (top) and between early and late
morphological types from the visual inspection (bottom).
The top panel of Fig. 24 demonstrates that the cluster mem-
bers in the quiescence region of the diagram are all allocated
to the red sequence, with the only exception of two green val-
ley galaxies close to the demarcation line. All blue cloud cluster
galaxies and most galaxies from the green valley are found above
the demarcation line. On the other hand, there are eight cluster
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Fig. 24. SFR versus stellar mass from Chang et al. (2015) for 180 spec-
troscopic Perseus cluster members (filled hexagons) and for 67 back-
ground galaxies (open hexagons). The colours indicate the position in
the CMD (top) and the morphological type (bottom). The dashed diag-
onal line is the median relation from Chang et al. (2015), the solid line
marks the demarcation between quiescent galaxies (below) and the SF
sequence (above).
galaxies in the SF area that are assigned to the red sequence. This
could be due to the lack of an intrinsic reddening correction. In
fact, seven of these galaxies are spirals (see the panels below)
with strong dust absorption and high inclination to the line of
sight, among them is the FIR source IRAS 03134+4008 (# 397).
A proper reddening correction would move most of these galax-
ies towards the blue cloud. SDSS gives the warning that the pho-
tometry may be unreliable for six out of these eight galaxies.
The lower panel of Fig. 24 displays a strong correlation between
morphological types and SF activity: Early types prefer the qui-
escent region whereas most late type galaxies are located in the
active region, with exceptions in both classes.
7.1.2. WHAN diagram
The optical spectra of SF regions are characterised by prominent
emission lines. Emission-line classification schemes based on a
small number of prominent lines provide a useful tool for an ef-
ficient differentiation between active galactic nuclei (AGN) and
SF galaxies (Baldwin et al. 1981). However, for many galaxies
only a few of the strongest lines are recognised in SDSS spec-
tra. To cope with the large population of these weak-line galax-
ies, Cid Fernandes et al. (2011) proposed a robust and economic
classification scheme, the WHAN diagram, which uses only the
equivalent width (EW) of the Hα line in combination with the
line ratio EW(N ii) / EW(Hα).
Fig. 25.WHAN diagram for 124 catalogued galaxies (filled symbols: 74
cluster members, open symbols: background systems). The four regions
show the classification proposed by Cid Fernandes et al. (2011). Blue
and red symbols indicate the SF type based on the SFR −M∗ diagram
(Fig. 24), galaxies not listed by Chang et al. (2015) are in black.
For the present study, most of the line data needed for
the WHAN diagram were taken from the SDSS DR14 table
galSpecLine. For galaxies without SDSS spectroscopy but
with spectroscopic observations performed in the framework of
our programme, the line date were derived from the TLS or Calar
Alto spectra by a manual de-blending technique: If Hα+[N ii]
emission is clearly indicated in the spectrum, the blended
lines were modelled by the superimposition of four Gaussian
components, namely the three narrow lines Hα, [N ii] λ6548,
[N ii] λ6584, and an additional broad Hα line component. Al-
together 124 galaxies were found to have |EW(Hα)| > 0.5Å and
log [EW(N ii) / EW(Hα)] > −1.5, among them 74 cluster mem-
bers.
Figure 25 shows the WHAN diagram for 124 catalogue
galaxies where the colour coding distinguishes star-forming
(blue) from quiescent (red) galaxies based on the demarcation
in Fig. 24 and the data from Chang et al. (2015). Following Cid
Fernandes et al. (2011), four different regions are indicated that
contain pure star-forming galaxies (SF), strong AGN (sAGN),
weak AGN (wAGN), and retired galaxies (RG). Typical repre-
sentatives of sAGN and wAGN are Seyfert galaxies and LIN-
ERs, respectively. RGs are galaxies that have stopped SF and
are ionised by evolved low-mass stars. Passive galaxies with
|EW(Hα)| < 0.5Å and |EW(N ii)| < 0.5Å are not plotted. As
expected, quiescent galaxies with low SFR are strongly concen-
trated in the lower part of the WHAN diagram (RG and wAGN),
but galaxies classified as star-forming in the SFR − M∗ dia-
gram are distributed over the SF and sAGN area (blue sym-
bols). Among the 15 cluster members classified as SF galaxies
in Fig. 24, nine belong to the SF region and four to the sAGN
area in the WHAN diagram.
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7.1.3. WISE colour-colour diagram
The WISE colour-colour diagram is a powerful tool for detect-
ing SF activity in galaxy samples (e.g. Jarrett et al. 2011; Stern
et al. 2012; Cluver et al. 2017). Galaxies with little hot dust emis-
sion occupy a narrow sequence at W1 −W2 ≈ −0.2 . . . 0.5 mag,
whereas the colour index W2 − W3 is a good indicator of the
SF activity. Galaxies with little or absent SF populate the left-
hand side of the sequence (W2 − W3 < 2 mag) and SF galax-
ies the right side (W2 − W3 > 3.5 mag), the area in between
is occupied by normal spiral discs with moderate SFR. Lu-
minous infrared galaxies (LIRGs) and ultra-luminous infrared
galaxies (ULIRGs) are typically found at the right-hand side.
AGN with hot dust populate the colour space above the threshold
W1 −W2 = 0.8 mag. The reliability and completeness for such
a SF-AGN separation are 95% and 78% for W2 < 15.05 and
drop steeply at fainter magnitudes (Stern et al. 2012; Assef et al.
2013). The constraint W2 < 15.05 is satisfied by 100%, 96% and
89% of the galaxies in MLS_W1, eSCGS, and MLS_ur.
Fig. 26. WISE colour-colour diagram for the eSCGS galaxies. Different
colours illustrate how galaxies separate by morphological type (top) and
SF activity type (bottom) as given in each panel. The dotted vertical
demarcation lines are from Jarrett et al. (2017), the horizontal line marks
the AGN threshold from Stern et al. (2012). The area indicated by the
dashed lines is the AGN wedge from Jarrett et al. (2011).
Figure 26 shows the WISE colour-colour diagram for the eS-
CGS galaxies with W2 < 15.05. The corresponding diagrams for
the samples MLS_ur and MLS_W1 look very similar. The verti-
cal dotted lines are the demarcations between passive, early-type
(left), intermediate (middle), and late-type SF galaxies (right)
following Jarrett et al. (2017). The horizontal dotted line is the
AGN threshold from Stern et al. (2012), the dashed lines mark
the AGN colour space as defined by Jarrett et al. (2011). The top
panel shows a clear correlation between W2 −W3 and the mor-
phological type. Early-types dominate at the left-hand side, late
types at the right-hand side (W2−W3 >∼ 2.5) of the diagram. The
bottom panel shows the distribution of the SF types according to
the classification from Fig. 24. There is a good correlation of the
classification based on W2−W3 with that one based on the data
from Chang et al. (2015).
It is well known that FIR emission is an efficient indicator
of SF activity. A sample of 17 Perseus cluster galaxies identi-
fied with FIR sources from the IRAS PSC has been the subject
of a previous study (Meusinger et al. 2000). One of these galax-
ies is out of the present survey field, the remaining 16 are dis-
tributed over the SF part of the WISE colour-colour diagram (10
galaxies), the intermediate part (4), and the AGN region (2). The
two galaxies with the largest colour index W2 − W3 in Fig. 26,
J032505.4+403332 (# 1146) and J032827.8+400917 (# 1291),
are LIRGs from the IRAS sample. They do not belong to the
Chang et al. (2015) sample and are therefore not colour-coded
as SF in the bottom panel.
7.1.4. SFR and stellar mass from WISE data
Given the heterogeneous nature of our spectroscopic target se-
lection, it is not clear whether the samples defined by the SFR −
M∗ diagram (Fig. 24) or the WHAN diagram (Fig. 25) are repre-
sentative for an investigation of the spatial distribution of galaxy
activity in the cluster. The WISE magnitude W3 can be taken as
a proxy of the SFR and the combination of W1 with W1 − W2
as a proxy of the stellar mass. Cluver et al. (2017) found a good
correlation between the 12 µm luminosity, log L12µm and log SFR
with a one-sigma scatter of 0.15 dex over a wide range in SFR
andM∗.
We made use of the calibrated relations from Cluver et al.
(2017) and Jarrett et al. (2017) to compute the SFR, the total
stellar massM∗, and the specific SFR (sSFR = SFR/M∗) for the
non-AGN galaxies (i.e. W1−W2 < 0.8). In Fig. 27 we show the
results for the spectroscopic sample in the sSFR - M∗ plane in
comparison with Figs. 24 and 26. In the upper panel, the three
(W2 − W3)-selected classes are colour coded. There is a clear
separation of SF from passive galaxies, which is indicated by
the diagonal dashed lines. The results from the WISE data are
also broadly consistent with the Chang et al. (2015) data (mid-
dle panel) where a part of the scatter may result from the fact
that the Chang et al. (2015) data are based on distances com-
puted from the SDSS redshifts, whereas we assumed that all
cluster galaxies are at the same redshift. In the bottom panel of
Fig. 27, the colour coding is to distinguish between early-types,
late-types, and mergers. In addition, galaxies with strong pecu-
liarities (reliability flag > 1) are indicated by a star symbol. In
the SF region of the diagram, we find exclusively late-type galax-
ies and mergers. The intermediate region is dominated by late-
type galaxies at masses M∗ <∼ 1010M, but early-types dom-
inate at higher masses. The only early-type galaxy in the low-
mass part of the intermediate region is the blue compact dwarf
galaxy J032311.4+402753 (# 1020) at log(M∗/M) ≈ 8.7 that
was mentioned already as an outlier in the SDSS colour-colour
diagram (Sect. 6.1.1).
Table 9 gives an overview of the proportions of galaxies in
the three SF activity classes for the samples from Table 1. The
columns 2-7 list the proportions f ( j)i = Ni/Ntot, where i stands
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Fig. 27. Specific star formation rate versus stellar mass from WISE data
for the eSCGS sample (filled circles) and spectroscopically confirmed
non-cluster members (open circles). The colours indicate the classi-
fication according to W2 − W3 from Fig. 26 (top), SF activity class
from Fig. 24 (middle), and morphological properties, as indicated in
each panel. The dashed diagonal lines roughly separate passive (bot-
tom) from intermediate (middle) and SF (top) galaxies.
for one of the activity classes SF (i = 1), intermediate (i = 2)
or passive (i = 3) and j marks whether this classification is
based either on Fig. 26 ( j = 1) or Fig. 27 ( j = 2). The propor-
tion of passive galaxies is remarkably similar for both separation
schemes ( j = 1, 2) but differs for the different samples. Whereas
Table 9. SF activity fractions for the samples from Table 1 (see text).
Sample f (1)SF f
(1)
inter f
(1)
passive f
(2)
SF f
(2)
inter f
(2)
passive
MLS_W1b 0.06 0.12 0.82 0.09 0.07 0.83
SCGS 0.07 0.11 0.81 0.10 0.08 0.82
eSCGS 0.08 0.13 0.78 0.12 0.08 0.79
MLS_ur 0.11 0.18 0.70 0.16 0.12 0.72
MLS_W1 0.10 0.18 0.72 0.16 0.11 0.73
MaxS 0.13 0.34 0.52 0.24 0.18 0.58
more than 80% of the systems are classified as passive in the
pure spectroscopic sample SCGS, the percentage is 77% − 78%
in the eSCGS (after adding the galaxies from the Hα survey)
and drops to 70% − 73% in the two magnitude-limited sam-
ples MLS_W1 and MLS_ur. The higher percentage of 82% in
the bright magnitude-limited sample reflects again the selection
bias discussed already in Sect. 6.1.1. The fraction of SF galaxies
differs slightly between the two separation schemes with higher
values for the separation based solely on the WISE data ( j = 2).
Apart from MaxS, the SF fraction is largest for MLS_W1 and
MLS_ur and smallest for MLS_W1b, which is dominated by the
bright early-type galaxies.
To summarise the results for the three most representative
samples of cluster galaxies, eSCGS, MLS_W1, and MLS_ur, it
can be concluded that about 75 ± 5% of the galaxies are pas-
sive and about 25±5% are actively star-forming where the latter
can be subdivided into two approximately equal parts of mod-
erately active (intermediate) or strongly active (SF) galaxies. 24
cluster members have SFR > 1M yr−1 and host about 65%
of the total SF in the cluster. Highest SFRs (>∼ 10M yr−1) are
found for the two IRAS sources J032505.4+403332 (# 1146) and
J032827.8+400917 (# 1291) mentioned in the previous section.
Both galaxies are morphologically distorted systems (Meusinger
et al. 2000) at large projected cluster-centric distances of R =
1.8 Mpc and 2.8 Mpc.
Table 10 lists the integrated stellar mass, SFR and sSFR for
all samples, where we assume again that all sample galaxies
are at the distance of A 426. The resulting mean SFR from the
three main samples is 114 ± 6 M yr−1. The total stellar mass
in MLS_W1 is about 25% lower than the value estimated from
the K-band LF (Table 7). The bigger part of this discrepancy is
most likely caused by differences in the calibration of the M/L
relations, whereas a smaller part comes from the exclusion of
the galaxies fainter than W1 = 14 and the two bright galaxies
NGC 1275 and UGC 2608 that were classified as AGN hosts.
Table 10. Integrated stellar mass, SFR, and sSFR for the samples from
Table 1.
Sample M∗ SFR sSFR
(1012 M) (M yr−1) (10−11yr−1)
MLS_W1b 6.7 92.2 1.4
SCGS 7.2 113.7 1.6
eSCGS 7.2 116.4 1.6
MLS_ur 6.9 100.2 1.4
MLS_W1 7.5 124.2 1.7
MaxS 8.4 179.6 2.1
7.1.5. Final SF sample
To define a sample of cluster SF galaxies for the subsequent
discussion, we employed a combination of the selection from
Article number, page 24 of 40
H. Meusinger et al.: Galaxies in the Perseus cluster field
the WHAN diagram with that from the WISE colour-colour di-
agram. The final sample consists of 31 spectroscopically con-
firmed cluster members that are either classified as SF in Fig. 25
(16) or are not classified in the WHAN diagram but fall into the
SF region of the Fig. 26 (15).
7.2. Active Galactic Nuclei
7.2.1. Identification of cluster AGN
The 12th edition of the ‘Catalogue of Quasars and Active Nuclei’
(Véron-Cetty & Véron 2006) lists eight objects in our survey
field, among them are three with z < 0.03: the Sy 1.5 NGC 1275
(#691), the Sy 2 UGC 2608 (#278), and the BL Lac V Zw 331.
The latter one is a background system (z = 0.0283,R = 65′.5). In
this Section, we discuss the search for AGN in additional cluster
galaxies via the emission lines in optical spectra, non-thermal
radio emission and IR colours indicating a dusty torus.
(a) Optical AGN
Broad hydrogen Balmer line components signify type 1 AGNs.
We identified a broad Hα component not only in the two known
cluster AGN NGC 1275 and UGC 2608 (Fig. 28), but also in
the edge-on disc galaxy UGC 2715 (#1096), which was not
previously listed as an AGN. Furthermore, a broad compo-
nent was invoked to fit the Hα line profile in the spectrum
of NGC 1294 where the S/N is low however. Broad Hα was
also found in the two background systems UGC 2724 (#1152)
and J032006.3+402159 (#735). All six broad-line galaxies are
classified as AGN in the WHAN diagram (Fig. 29): NGC 1275,
UGC 2608, UGC 2715, and the two background sources as
sAGN, whereas NGC 1294 is a wAGN.
Fig. 28. Examples of Gaussian fits of the blended lines
Hα+[N ii] 6548,6584 for NGC 1275 (left) and UGC 2608 (right).
Three narrow and one broad Gaussian components are used (dotted
blue curves). The slightly smoothed observed spectrum is shown in
black, the sum of the four components is in red.
There are 13 cluster galaxies in the sAGN area of the
WHAN diagram and six in the wAGN area. Several of these
sources are close to the SF-AGN demarcation. An example
is J031930.3+404430 (# 660) with log EW(N ii)/EW(Hα) =
−0.32, a faint (W2 = 16.01), extended blue low-surface bright-
ness galaxy of highly irregular morphology (Appendix B.2). Be-
cause there is no substantial optical core we ultimately classi-
fied this galaxy as SF. If we adopt the stronger AGN criterion
log EW(N ii) / EW(Hα) > −0.25, we would find seven sAGN
and five wAGN in the cluster, all brighter than W1 = 14. The
total number of cluster members with spectra and W1 < 14 is
253. Hence, we can conclude that about 5 − 8% of the brighter
cluster galaxies with W1 < 14 host an optical AGN (sAGN or
wAGN) and about 3 − 5% of them host an sAGN.
Fig. 29. Same as Fig. 25, but with additional symbols to indicate the
presence of a broad Hα line component (green open square), an XMM
X-ray source (blue cross), or a radio source from Miller & Owen (2001)
(red plus sign). Some cluster members in the sAGN area are labelled
with their catalogue numbers.
The cluster sAGN occur preferably in late-type galaxies. The
host is classified as spiral (cl1 = 6) for eight of them and as
early-type (cl1 ≤ 4) in four cases. One AGN galaxy (#485) was
classified as a merger (cl1=9). On the other hand, cluster wAGN
seem to prefer early-type galaxies: four were classified as cl1
≤ 4 and two as cl1 = 6. Morphological peculiarities are common
among AGN hosts (Sect. 8.2).
(b) Radio galaxies
The identification of radio sources is based on observations with
the Westerbork Telescope at 610 MHz (Gisler & Miley 1979),
the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) at 1.4
GHz, and the GMRT Sky Survey (TGSS) project at 150 MHz
(Intema et al. 2017). Miller & Owen (2001) used the NVSS to
compile a catalogue of 467 radio galaxies in the fields of 18
nearby clusters in an area of about 3 Mpc from the cluster core.
The NVSS guarantees nearly uniform-sensitivity coverage over
wide fields. With 52 sources, A 426 is the cluster with the largest
number of radio galaxies in this catalogue. 43 of these radio
sources were identified with optical galaxies at the cluster red-
shift and 9 with background galaxies. The estimated probability
of an identification with an optical galaxy by chance superposi-
tion is only 0.5%. We cross-matched the list from Miller & Owen
(2001) with our catalogue and identified 40 galaxies. All identi-
fied radio galaxies have spectroscopic redshifts, 31 are classified
as cluster members and 9 as background systems. None of these
NVSS sources was classified by Miller & Owen (2001) as ex-
tended.
The radio flux of SF galaxies is well known to strongly
correlate with the FIR flux. The FIR-to-radio flux density ratio
q = log(S FIR/S 1.4 GHz) is 2.3 ± 0.2 for SF galaxies (Helou et al.
1985), whereas AGN have an excess of radio emission and thus
q <∼ 2. Hence, q can be used, in conjunction with the absolute ra-
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Fig. 30. Radio-FIR slope q versus 1.4 GHz radio luminosity for the
NVSS sources from Miller & Owen (2001). The colours represent the
WHAN type (top) and radio galaxy type (bottom), cluster members are
indicated by filled, background galaxies by open circles. Over-plotted
plus signs indicate morphological peculiarities. The dotted vertical line
represents a (statistical) luminosity threshold for AGN, the dashed hor-
izontal line separates SF galaxies (top) from AGN (bottom). Cluster
members outside the ‘clump’ around q = 2.3, log L1.4GHz = 22 are la-
belled with their catalogue numbers.
dio luminosity, to distinguish AGN from SF galaxies. Following
Sadler et al. (2002), AGN dominate the radio luminosity distri-
bution for L1.4 GHz > 1023 W Hz−1.15 However, such a luminosity
threshold differentiates in a statistical sense only, AGN can have
a lower radio luminosity (e.g. Park et al. 2017).
Miller & Owen (2001) presented q values utilising the IRAS
catalogues or the IPAC XSCANPI package. Figure 30 shows
the estimated q parameter versus L1.4 GHz. The colour indicates
the optical spectral type from the WHAN diagram (top) or the
radio galaxy type (bottom). The radio type classification de-
lineates the radio sources into those dominated by SF activity
and those dominated by an AGN (Ching et al. 2017) where the
spectrum of the latter can be characterised either by strong or
high-excitation emission lines (high-excitation emission line ra-
15 The monochromatic 1.4 GHz luminosity is defined as L1.4 GHz =
4pi d2L (1 + z)
−1+α S 1.4 GHz, where dL is the luminosity distance, S 1.4 GHz
the radio flux density at 1.4 GHz, and α is the radio spectral index where
we assumed S ν ∝ ν−α and α = 0.8 for AGN.
dio galaxy, HERG) or by weak or low-excitation lines (low-
excitation emission line radio galaxy, LERG). The difference be-
tween HERG and LERG is thought to be driven by the accretion
mechanism, corresponding to radiative-mode AGN and jet-mode
AGN (see Sect. 7.2.2 below). Here, we simply identified HERGs
with radio galaxies of the WHAN type sAGN and LERGs with
wAGN, RGs and passive galaxies.
About 70% of the cluster radio galaxies are concentrated
around log L1.4 GHz ≈ 22 ± 1 and q > 1.8 (Fig. 30) with a
mean value q = 2.32 ± 0.22 . Two remarkable properties of this
sub-sample are the exceptionally high percentage of morpholog-
ical peculiarities (55%) and the dominance of late-type galaxies
(70%). All radio galaxies classified as SF in the WHAN diagram
are found here, but there are also other WHAN types, includ-
ing UGC 2608 and another two HERGs. Adopting q < 1.9 as
a criterion, nine radio sources from Miller & Owen (2001) are
classified as AGN.
To ensure a secure detection of the radio AGN, we rechecked
the NVSS images in combination with an inspection of the im-
age cutouts from the Alternative Data Release (ADR) of the
TIFR GMRT Sky Survey (TGSS) project at 150 MHz (Intema
et al. 2017). With respect to its relatively high resolution and
low noise, TGSS is considered a metre-wavelength equivalent
to the centimetre-wavelength NVSS. Four of the nine selected
radio AGN (PGC 12254, NGC 1270, NGC 1272, PGC 12405)
were found not to show a significant (S/N> 5) radio signal in
either survey and were thus rejected from the AGN sample (yet
plotted in Fig. 30).
Radio sources with L1.4 GHz > 1023 W Hz−1 are rare and have
much lower q values. For q <∼ 2 the dominant morphology is
early-type. The three cluster members in the bottom right corner
of Fig. 30 are the bright radio source Per A (NGC 1275, # 691)
and the two well-known head-tail galaxies IC 310 (# 393) and
NGC 1265 (# 517). The latter is an optically passive galaxy, the
other two are classified as sAGN in the WHAN diagram and are
thus HERGs. The region q < 1.9 and L1.4 GHz < 1023 W Hz−1 is
most likely dominated by weak radio-mode AGN. An interesting
example is the peculiar early-type galaxy IC 311 (# 398), which
is discussed in more detail in Sect. 8.2.
(c) AGN in the WISE colour-colour diagram
Figure 31 shows the WISE colour-colour diagram in the same
style as Fig. 26. In the top panel, the established cluster galaxies
with W2 < 15.05 are plotted, colour-coded by the WHAN-based
activity type. For the two magnitude-limited samples MLS_W1
and MLS_ur, the diagrams look very similar.
For QSOs, which are luminous AGN, an efficient selection
threshold is given by the colour criterion W1 − W2 >∼ 0.8 (As-
sef et al. 2010; Stern et al. 2012). The WISE QSO region is of
course only sparsely populated in Fig. 31. The two galaxies with
very warm, accretion-dominated colours W1−W2 > 0.8 mag are
NGC 1275 (# 691) and UGC 2608 (# 278), which display both
broad Hα emission, radio emission with low q values and hard
X-ray counterparts. The spectra of low-luminosity AGN are di-
luted by stellar radiation from the host galaxy. That is, the WISE
colours depend on the AGN-to-host ratio where W1 − W2 be-
comes smaller with a decreasing ratio for early-type host galax-
ies. If the flux from the AGN is less than half of the host flux in
the WISE bands, the integrated colour index would hardly ex-
ceed W1 −W2 ≈ 0.5 (Stern et al. 2012).
The sAGN outside the WISE QSO region and all wAGN
have diverse W2 − W3 colours and are distributed across the
‘main sequence’ in the WISE diagram, suggesting a combina-
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tion of SF, AGN, and emission from the older stellar populations.
Galaxies with optical spectra that indicate dominant SF activ-
ity populate the intermediate and SF region of the WISE main
sequence, whereas both passive galaxies and RGs are strongly
concentrated on the left-hand side, that is, in the passive part.
Fig. 31. WISE colour-colour diagram for the cluster galaxies (top) and
the radio galaxies (bottom). The colours indicate the classification based
on the WHAN diagram (top) and the radio galaxy type (bottom). In the
bottom panel, filled circles represent cluster members, open circles are
background galaxies, and framed symbols signify the presence of broad
Hα emission.
The bottom panel of Fig. 31 shows the WISE diagram for
the radio sources, colour-coded by the radio types introduced
above. Again, the SF-dominated radio galaxies populate the SF
part of the diagram whereas HERGs are found in both the QSO
and the intermediate part. LERGs are scattered across the whole
main sequence with the majority in the passive part, indicating
the dominant emission from the old stellar population.
(d) X-ray AGN
The detection of an X-ray point source (XPS) in the centre of
a galaxy is another efficient technique to identify AGN. Santra
et al. (2007) analysed XPSs coincident with member galaxies
in A 426 on a very deep Chandra image of the cluster core re-
gion. Their result is consistent with the nuclei of all galaxies with
MB < −18 being active at low radiative efficiency. The ‘Third
XMM-Newton serendipitous source catalogue’ (3XMM-DR8,
Rosen et al. 2016) contains 531 454 unique X-ray sources but
covers only a few percent of the sky. With a search radius of 5′′,
we identified XMM X-ray counterparts for 42 confirmed cluster
galaxies. Approximately 70% of them are located at R ≤ 30′,
compared to 40% for all spectroscopic cluster members. This
indicates a strong bias in the XMM data. Because of the inho-
mogeneous field coverage by the X-ray source catalogues we
decided to ignore X-ray selected AGN for the subsequent statis-
tical analysis.
7.2.2. Final AGN sample
Altogether, we classified 20 systems as AGN galaxies among the
catalogued galaxies with W1 < 14 that are not spectroscopically
established as background systems. A summary of relevant data
is presented in Table 11.
Most (18) AGN were selected from the WHAN diagram
where 12 systems were classified as sAGN and six as wAGN.
Seven optical AGN are also detected at 1.4 GHz, but only three
of them have q < 1.9 and would thus be classified as radio-
detected AGN. Nevertheless, we classify all sAGN with radio
counterparts as HERGs and all wAGN with radio-counterparts
as LERGs. Another two radio sources have q < 1.9 and are re-
lated to optical spectra indicating RG or passive galaxies. These
radio-detected AGN are also classified as LERGs. The WISE
colour-colour diagram establishes the sAGN NGC 1275 (# 691)
and UGC 2608 (# 278) as luminous AGN but does not contribute
to the discovery of additional AGN.
The AGN fraction of the cluster galaxies depends on which
galaxy sample is considered. All 20 selected AGN galaxies be-
long to both the SCGS, eSCGS, MLS_W1, and MLS_ur, corre-
sponding to an AGN fraction of fAGN = 0.06 ± 0.01. However,
because all of them are brighter than W1 ≈ 12.5, we can also
take the bright sub-sample MLS_W1b as the basis, which results
in fAGN = 0.10 for W1 ≤ 12.5. This is most likely a lower limit
only. First, some AGN may be wrongly excluded by the criterion
q < 1.9, either because qmay be larger than 1.9 for some AGN or
q was over-estimated. Reasons for the latter can be uncertainties
in the FIR flux or a co-existent starburst. In fact, there are three
sAGN with q > 2 in Fig. 30, among them UGC 2608 (# 278),
that show broad Hα emission (Fig. 28). Secondly, radio AGN
below the NVSS flux limit are not included. Using the European
VLBI network, Park et al. (2017) detected radio emission com-
pact on the parsec scale in five early-type galaxies in the central
10′ of the Perseus cluster and concluded that the radio sources
are linked to jets from accreting SMBHs in low-luminosity AGN
rather than to SF. Their sample includes NGC 1270, which was
excluded here as a result of the re-inspection of the NVSS im-
age (Sect. 7.2.1), the galaxy VZw 339 that is not in the list of
radio sources by Miller & Owen (2001) and the two galaxies
NGC 1277 and NGC 1278 that are NVSS sources in our cata-
logue but were not classified as AGN because of their high q
values.
Table 12 lists the number N of galaxies, the number ratio rl/e
of late types to early types, and the mean cluster-centric distance
R for the samples of AGN and SF galaxies. The SF sample was
defined in Sect. 7.1.5. The entries can be compared with Tables 1
and 4 for the parent galaxy samples. The distribution of the mor-
phological types of the AGN hosts differs from that of the parent
sample. Whereas the number ratio of late types to early types
is rl/e = 0.22 for the MLS_W1b galaxies (Table 4), the ratio is
four times larger for the AGN sample. There are, however, strong
differences between the different AGN types: most optically se-
lected AGN have late-type hosts (rl/e = 1.12), with the highest
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Table 11. AGN galaxies in A 426.
Nr. Name Other name Sel WT bl q log L1.4 RT W1 −W2 Xray cl1 pec
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
278 J031501.4+420209 UGC 2608 o/ir 2 1 2.06 22.78 HERG 1.26 1 6 9
293 J031520.6+413645 PGC 12097 o 2 0.06 6 0
344 J031601.0+420428 UGC 2618 o 3 0.11 1 6 9
380 J031634.5+410251 PGC 12166 o 2 0.17 6 9
393 J031643.0+411930 IC 310 o/r 2 0.28 23.55 HERG 0.06 1 3 0
397 J031645.9+401948 o 2 2.60 21.54 HERG 0.33 6 0
398 J031646.7+400013 IC 311 r 5 1.22 22.36 LERG 0.01 1 3
444 J031727.2+412419 NGC 1260 o 3 0.07 1 3 4
485 J031755.2+405536 UGC 2642 o 2 0.12 9 6
517 J031815.8+415128 NGC 1265 r 5 −1.14 24.53 LERG −0.02 1 2 0
521 J031817.7+414031 PGC 12290 o 2 −0.05 1 4 0
533 J031822.5+412435 PGC 12295 o 3 −0.04 1 3 0
656 J031927.4+413807 UGC 2665 o 3 −0.03 6 3
691 J031948.7+413042 NGC 1275 o/r/ir 2 1 −0.43 25.16 HERG 1.02 1 1 3
711 J031954.4+420053 o 3 0.04 4 1
805 J032041.4+424815 PGC 12535 o 2 0.24 6 1
924 J032140.0+412138 NGC 1294 o 3 1 2.17 21.44 LERG 0.04 1 3 0
1004 J032253.0+411348 o 2 −0.00 6 0
1096 J032422.8+404719 UGC 2715 o/r 2 1 1.13 22.56 HERG 0.08 1 6 0
1231 J032634.7+414143 o 2 2.55 21.35 HERG −0.02 2 3
Notes. (1) catalogue number, (2) catalogue name, (3) other name from NED, (4) AGN selection technique: o = optical, r = radio, ir = infrared,
(5) spectral type from WHAN diagram: 1 = SF, 2 = sAGN, 3 = wAGN, 4 = RG, (6) broad emission line flag, (7) log FIR-to-radio flux density
ratio, (8) monochromatic 1.4 GHz luminosity (W Hz−1), (9) radio galaxy type, (10) WISE colour index, (11) XMM X-ray detection flag, (12)
morphological type, (13) morphological peculiarity class.
ratio for sAGN (rl/e = 1.75). For radio AGN, on the other hand,
the ratio is smaller, rl/e = 0.60.
Table 12. Properties of the AGN host galaxy samples and the SF sam-
ple.
Sample N rl/e 〈R〉 (′)
all optical AGN 18 1.12 42 ± 7
- sAGN 12 1.75 49 ± 6
- wAGN 6 0.50 26 ± 6
all radio AGN 8 0.60 55 ± 11
- HERGs 6 1.00 54 ± 12
- LERGs 2 0.00 61 ± 35
all AGN 20 0.90 44 ± 6
- rad. mode∗ 11 2.33 54 ± 6
- jet mode 8 0.33 35 ± 10
SF 31 - 71 ± 6
Notes. ∗ without the BCG NGC 1275
The AGN population in the present-day Universe can be
divided into two disjoint categories: the radiative-mode AGN
and the jet-mode AGN (Heckman & Best 2014). In the radia-
tive mode, the energetic output is powered by the gravitational
energy of the accreted gas in a radiatively efficient disc and is
mainly released in form of the photons from the ‘big blue bump’
in the UV-to-optical part of the electromagnetic spectrum. A ra-
diatively efficient, optically thick and geometrically thin accre-
tion disc is thought to exist around the SMBH if the accretion
rate approaches the Eddington limit. At lower accretion rates of
less than a few percent of the Eddington rate, a radiatively inef-
ficient accretion flow from an optically thin, geometrically thick
disc is formed. In the jet mode, the produced radiation flux is
much lower and the primary energetic output is in the form of
collimated jets, the AGN is observed as a radio galaxy.
We applied the classification scheme from Heckman & Best
(2014) to delineate the AGN from Table 11 into jet-mode AGN
and radiative-mode AGN. All LERGs and wAGN were consid-
ered to represent the jet mode, whereas sAGN were identified
with radiative-mode AGN. The most luminous AGN in A426,
hosted by the BCG NGC 1275, is classified here as radiative-
mode type. BCGs, the most luminous elliptical galaxies in the
present-day Universe and strong radio sources, are usually sit-
uated close to the bottom of the potential of relaxed, cool-core
clusters, like A 426. The cooling flow onto the central galaxy
provides a unique situation for feeding the SMBH and, therefore,
we excluded NGC 1275 from the statistics in Table 12 and in
Sect. 7.3 below. Radiative-mode AGN and jet-mode AGN differ
from each other both in the distribution of morphological types
and in their spatial distribution.
7.3. Spatial (projected) distribution of AGN and SF galaxies
The different mean cluster-centric distances 〈R〉 for jet-mode
AGN, radiative-mode AGN, and SF galaxies (Table 12) indicate
different radial distributions. For comparison, the mean cluster-
centric distance of all eSCGS galaxies is 〈R〉 = 45′ (Table 1).
Jet-mode AGN have a smaller 〈R〉 = 35′. The mean cluster-
centric distance of the radiative-mode AGN, 〈R〉 = 54′, is 1.5
times larger. The SF sample is even less concentrated towards
the cluster centre with 〈R〉 = 71′.
Figure 32 shows the distributions of the two AGN types and
of the SF sample over the field for the eSCGS sample. The plots
for the magnitude-limited samples look similar. Jet-mode AGN
prefer smaller projected cluster-centric distances and higher pro-
jected densities than radiative mode AGN and SF galaxies. Both
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Fig. 32. Local density bubble plot diagram for the eSCGS as Fig. 18, but
with colour coding for SF galaxies (green), radiative-mode AGN (blue),
jet-mode AGN (red). The BCG AGN galaxy NGC 1275 is indicated by
the yellow asterisk.
radiative-mode AGN and SF galaxies are distributed smoothly
over the field without a significant concentration towards the
cluster centre. We note a concentration of AGN along the chain
of bright galaxies in the east-west direction. There is a concen-
tration of SF galaxies in the bottom left corner that might be
related to the filament from SE to NW through A 426 (Fig. 7).
Given that the different activity types occur in different mor-
phological types, different projected distributions are qualita-
tively expected because of the radial morphological segregation
(Sect. 6.1.2). Figure 33 shows the cumulative distributions of R
for the two AGN samples and the SF sample. For comparison,
the distributions of the bright E and S0 galaxies (cl1 = 1 − 2)
and the late-type (cl1 = 5 − 9) galaxies are plotted. We applied
the Kolmogorov-Smirnov two-sample test to check the null hy-
pothesis H0 that both samples come from a common distribution
against the alternative hypothesis that the two samples do not
come from the same distribution. H0 has to be rejected for the
comparison of jet-mode AGN and SF galaxies (α = 0.05), but
not for the comparison of radiative-mode versus jet-mode AGN
or SF galaxies. The R distributions of the radiative-mode AGN
and the SF galaxies are very similar to that of the late-type galax-
ies. On the other hand, jet-mode AGN are radially distributed
like E galaxies.
Figure 34 shows the Σ−R relations for the two AGN samples,
the SF sample, and, for comparison, all MLS_W1b galaxies. At
fixed R, the mean Σ values do not differ greatly. This means that
the trend with Σ can be completely explained by the radial segre-
gation. At R ≈ 0.8 − 1.6 Mpc, the SF galaxies seem to prefer an
environment of slightly lower Σ than the radiative-mode AGN.
However, given the small sample size, it is not clear whether this
is a real trend.
Analogous to Sect. 6.1.2, we looked for correlations between
the ratios rrAGN/jAGN = NrAGN/NjAGN and rsf/passive = Nsf/Npassive
on the one hand with the cluster-centric distance R, the local pro-
jected density Σ, and the 3-dimensional substructure parameter
δ on the other hand. The null hypothesis H0 of independence
Fig. 33. Cumulative distribution of the cluster-centric distances R for
cluster galaxies classified as jet-mode AGN (red), radiative-mode AGN
(blue), or SF (green). For comparison, the distributions of the bright
early-type and late-type galaxies from MLS_W1b are plotted (black).
Fig. 34. Normalised local density parameter Σ as a function of the
cluster-centric distance for the two AGN types and the SF sample. The
MLS_W1b sample is plotted for comparison. Symbols indicate individ-
ual galaxies, polygons the mean relations for the sub-samples.
between X and Y was tested against the alternative hypothesis
HA of a negative or positive association between X and Y , where
X = rrAGN/jAGN or rsf/passive and Y = R,Σ, or δ. Because of the
small sample size, Fisher’s exact (one-sided) test was used to
analyse 2x2 contingency tables. For Y = R, we compared the
ratio X from the central region at R ≤ 0.6 Mpc with that from
the outer region R > 0.6 Mpc. For Y = Σ or δ, the sample was
subdivided into three nearly equal-sized sub-samples of low, in-
termediate, or high Y to compare the ratio X from the low-Y
with that from the high-Y sub-sample. Table 13 lists HA and the
resulting P values for the six X − Y combinations. The smaller
the value of P, the greater the evidence of rejecting H0 in favour
of HA. We concluded that H0 can be rejected for Y = R and Σ
but not for the substructure parameter δ.
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Table 13. Results from Fisher’s exact test of independence between X
ans Y for the eSCGS galaxies.
X Y HA P
rrAGN/jAGN R X larger for large Y 0.018
rrAGN/jAGN Σ X larger for small Y 0.084
rrAGN/jAGN δ X larger for large Y 0.500
rsf/passive R X larger for large Y 0.021
rsf/passive Σ X larger for small Y 0.003
rsf/passive δ X larger for large Y 0.645
8. Distorted galaxies and mergers
8.1. Peculiarity fraction and (projected) distribution
In the following, the ratio of the number of peculiar galaxies
and mergers to the number of all galaxies in the sample is re-
ferred to as peculiarity fraction fp. Here, peculiar galaxies are
either systems classified as morphological type merger (cl1 =
9) or as any other morphological type but with a peculiarity flag
that indicates strong lopsidedness, a minor or major merger or a
collisional ring (pec = 2 . . . 6 or 8). We did not include the some-
what uncertain cases of weak lopsidedness and M51 type where
the classification might be affected by projection effects. In addi-
tion, a few galaxies without morphological type estimation (cl1
= 0) or with low reliability of peculiarity (flag_pec < 2) were ex-
cluded from the parent sample. Both in the spectroscopic sample
and the magnitude-limited samples, peculiar galaxies account
for 7-9%. We observe an anti-correlation of fp with the sample-
averaged magnitude, which might indicate that the differences
are caused by the different proportions of fainter galaxies with a
lower probability for detecting faint peculiar structures.
As in Sect. 6.1.2, we looked for trends of fp with R,Σ and δ.
Kendall’s rank correlation test indicates a significant correlation
with R but only for the eSCGS (Fig. 35, top); there is no signifi-
cant trend with Σ (Fig. 35, bottom) or δ for any sample. We com-
pared the peculiarity fraction fp,1 in the sub-sample S1 from the
inner (R < 0.5 Mpc) region with fp,2 in the sub-sample S2 from
the outer (R ≥ 0.5 Mpc) region (Table 14). and found fp,1 < fp,2
for all samples. The Z test (Sect. 6.1.2) indicates that the null
hypothesis H0 : fp,1 ≥ fp,2 can be rejected in favour of the al-
ternative hypothesis HA : fp,1 < fp,2 for eSCGS and MLS_ur at
α = 0.05 (zα = 1.65) and for MLS_W1 at α = 0.07 (zα = 1.48).
Among the galaxies classified as mergers (cl1 = 9), only one
system (# 613 = PGC 12358 at z = 0.011) has a projected
cluster-centric distance less than the core radius.
Table 14. Peculiarity fractions fp and test statistic zˆ for the comparison
of the sub-samples fp,1 and fp,2.
Sample fp,tot fp,1 fp,2 zˆ
MLS_W1b 0.082 0.043 0.104 1.47
SCGS 0.083 0.034 0.107 2.06
eSCGS 0.086 0.033 0.110 2.22
MLS_ur 0.081 0.036 0.095 1.71
MLS_W1 0.068 0.033 0.079 1.54
MaxS 0.060 0.043 0.062 0.81
SF 0.419 0.000 0.448 -
AGN rad. mode 0.182 0.000 0.200 -
AGN jet mode 0.250 0.167 0.333 -
At first glance, it may come as a surprise that the peculiar-
ity fraction is lower in the cluster core region. Such a trend
can be expected however as a consequence of the morpholog-
Fig. 35. Top: peculiarity fraction of the eSCGS galaxies in five R bins.
Vertical bars are counting errors, horizontal bars mark the bin widths.
Each bin contains approximately the same proportion of galaxies from
the parent sample. Bottom: Σ− R diagram for normal (black) and pecu-
liar (red) galaxies. The polygons signify the mean relations.
ical segregation in combination with the fact that (dynamically
cool) discs are fragile and more susceptible than (dynamically
hot) ellipsoidal systems. In fact, the peculiarity fraction fp,e of
the sub-samples of late-type galaxies is about 5 ± 3 times larger
than fp,l from the sub-samples of early-type galaxies, dependent
on the parent sample and the definition of peculiarity. A hypo-
thetical total peculiarity fraction can be modelled by hp(R) =
fe(R) · fp,e + fl(R) · fp,l, where the proportions fe and fl of early-
type galaxies and late-type galaxies are assumed to depend on
R, but the type-dependent peculiarity fractions fp,e and fp,l are
not. We computed hp,1 and hp,2 for the sub-samples S1 and S2 as
above, estimating fe and fl from the corresponding sub-sample
S1 or S2, but fp,e and fp,l from the total sample. The general result
hp,1 < hp,2 supports the assumption that the higher peculiarity
fraction in the outer region is caused by the morphological seg-
regation. However, the ratio hp,2/hp,1 = 1.8 . . . 2.1 is smaller than
the observed ratio fp,2/ fp,1 ≈ 2.4 . . . 3.4. This difference hints at
additional effects. It is known from numerical simulations that
galaxy interactions in a cluster core differ from those in the field
or in the outer parts of a cluster (Mihos 2004). Slow encounters
in the outer parts produce long-living phenomena, while faster
encounters in the core result in short-lived perturbations. In ad-
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dition, the lifetime of the tidal debris is shorter in the core re-
gion where the tidal field of the cluster quickly strips the loosely
bound material. As a consequence, the interaction fraction is un-
derestimated in the cluster core if derived from the presence of
tidal tracers.
8.2. Distorted SF and AGN galaxies
Morphological peculiarities of 17 IRAS galaxies in the Perseus
cluster have been described by Meusinger et al. (2000). In the
Appendix B of the present paper, we present additional 18 pecu-
liar cluster galaxies.
In Figs. 24 and 27, mergers and peculiar morphology that is
indicative of gravitational distortions are clearly more frequent
in the upper regions of the diagrams. The sample from Fig. 24
contains three mergers (# 379, 485, 887), all classified as SF
galaxies with moderate sSFR between 0.09 and 0.85 Gyr−1. In
Fig. 27, seven mergers (cl1 = 9) are plotted where five are in
the SF region and two in the intermediate region. The SF sample
from Sect. 7.1.5 (Tables 12 and 14) includes eight IRAS galaxies.
Four SF galaxies were classified as mergers. With only one ex-
ception (the blue compact dwarf J032311.4+402753 mentioned
already in Sects. 6.1 and 7.1.4), all SF galaxies were found to
show late-type morphology. The peculiarity fraction of the SF
sample, fp = 0.45, is five times larger than in the parent galaxy
samples (Table 14). All peculiar SF galaxies are at R > 0.5 Mpc.
We did not perform the Z test because of the small sample size.
Morphological peculiarities were registered for a remarkably
high percentage of the AGN hosts. We applied the Z test for the
comparison of the peculiarity fractions in the extended spectro-
scopic sample eSCGS, fp, with that from the sub-sample of AGN
galaxies, fp,AGN. The null hypothesis H0 : fp ≥ fp,AGN has to be
rejected in favour of the alternative hypothesis H0 : fp < fp,AGN
at an error probability of less than 1% (α ≤ 0.01).
There is a clear difference between the morphological com-
positions of the samples of jet-mode and radiative-mode AGN
(Table 12). The hosts of radiative-mode AGN are dominated by
late-type galaxies (rl/e = 2.33), whereas jet-mode AGN galaxies
are dominated by early types (rl/e = 0.20). The peculiarity frac-
tion is at least twice as high as that of the parent samples not only
for the sample of radiative-mode AGN galaxies but also for the
hosts of the jet-mode AGN. Likewise, Ehlert et al. (2015) con-
cluded that there is some evidence that X-ray AGN in clusters
may be preferably hosted in galaxies with disturbed morphol-
ogy. Larger data samples, more robust and more detailed clas-
sification schemes will be required to further investigate which
type of perturbations may be responsible to which extent for the
triggering of AGN activity in galaxy clusters. As for the parent
samples, we found that the peculiarity fraction of AGN hosts is
larger in the outer cluster region (R > 0.5 Mpc) compared to the
inner region (Table 14). We did not preform the Z test because of
the small sample sizes.
Compared to the SF sample, the peculiarity fraction of AGN
hosts is smaller and strong morphological features indicative of
major mergers are less frequent and/or fainter. The merger frac-
tion of radiative-mode AGN fm = 0.09 is at least three times
larger than that of the galaxy samples (Table 4), but this result
is not robust because of the small sample size. The only AGN
host galaxy with the morphological type cl1 = 9 (i.e. merger)
is UGC 2642 (# 485), see below. For the BCG NGC 1275, it is
not clear whether its rich phenomenology is related to a recent
(minor) merger (e.g. Conselice et al. 2001, Sect. 1). NGC 1260
(# 444) is close to J031732.0+412442 (# 454) in projection and
it might thus be speculated that it is a merger in an early stage,
but the evidence is sparse.
9. Summary and conclusion
We compiled a new catalogue of galaxies in the 10 square de-
grees field of the Perseus cluster centred on the BCG NGC 1275.
Altogether 1294 galaxies were selected primarily from images
taken with the CCD camera in the Schmidt focus of the Taut-
enburg 2 m telescope and verified on SDSS images. Morpholog-
ical types were obtained for nearly 90% of the galaxies by the
eyeball inspection of the Schmidt images in the B band and in
the narrow Hα band, in combination with the SDSS colour im-
ages and additional images taken at the Calar Alto observatory
for selected galaxies. The morphological classification was sup-
ported by the surface brightness profile analysis for 143 galaxies
and the SDSS profile parameter fracDeV. The catalogue incor-
porates extinction-corrected magnitudes from SDSS, 2MASS,
and WISE, 1.4 GHz flux densities from NVSS, X-ray flux den-
sities from XMM-Newton, and spectroscopic data from vari-
ous sources. Spectroscopic redshifts are available for 384 galax-
ies, including 41 redshifts from observations carried out in the
framework of the present study. Redshift distances are therewith
known for about 60% of the galaxies with W1 < 14 and for about
85% of the galaxies with W1 < 12.5.
We constructed different galaxy samples (Sect. 4). The spec-
troscopic cluster galaxy sample (SCGS) consists of 286 galax-
ies with spectroscopic redshifts compatible with cluster mem-
bership. An extended spectroscopic cluster galaxy sample (eS-
CGS) of 313 Perseus cluster galaxies includes additional cluster
members identified from the Hα images. Because of the hetero-
geneous nature of the spectroscopic data, we also constructed
magnitude-limited samples where the limits were set either in
the WISE W1 band (MLS_W1) or in the SDSS u and r bands
(MLS_ur). The following conclusions can be drawn from the
analysis of these samples.
The sample-averaged heliocentric redshift from the SCGS is
z¯ = 0.0177±0.0039 (Sect. 5.2), in good agreement with the ICM
redshift zICM = 0.01767 ± 0.00003 derived by the Hitomi Col-
laboration et al. (2018a). The line-of-sight velocity distribution
can be considered as Gaussian, though the outer part of the radial
velocity dispersion profile shows a certain similarity with that of
non-Gaussian clusters (Sect. 5.1).
The radial density profiles of the magnitude-limited sam-
ples were found to be in a generally good agreement with the
generalised Hubble, King, NFW, and de Vaucouleurs profiles
where the core profiles (Hubble, King) provide a slightly bet-
ter fit (Sect. 5.4) . We found weak indications for local substruc-
tures, both from the line-of-sight velocity map, the projected lo-
cal density map and the three-dimensional DS test (Sect. 5.5).
The virial mass of the Perseus cluster is (2.4± 0.5) 1015M,
in line with the projected mass estimator of 2.7 1015M. The
virial radius is estimated to 2.6±0.4 Mpc, which is roughly equal
to the maximum extension of our survey field (Sect. 5.3). The K-
band luminosity function is well represented by a Schechter LF
with M∗K = −24.25 ± 0.15 and α = −1.03 ± 0.15. Early-type and
late-type galaxies have different Schechter parameters that are
in line with De Propris (2017). The total K-band luminosity and
stellar mass are estimated to LK = (12.4±1.6) 1012 L andM∗ ≈
(1 − 2) 1013 M, which corresponds to <∼ 1% of the virial mass
(Sect. 6.2). The total mass in SMBHs is MSMBH ≈ 3 1010M
(Sect. 6.3).
The morphological mixture varies between the samples ow-
ing to different selection effects. The number ratio of late-type
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to early-type galaxies is rl/e = 0.64 for MLS_ur and 0.39 for
MLS_W1. There is a general trend towards a lower rl/e in the
central region and at higher surface density, but no significant
correlation was found with the three-dimensional local substruc-
ture parameter. The number ratio of disc-dominated to bulge-
dominated systems is 0.5 ± 0.1 (Sect. 6.1).
Based on WISE and SDSS colours, about 75 ± 5% of the
galaxies were classified as passive and 25 ± 5% of them as ac-
tively star-forming where the latter is divided in approximately
equal parts into moderately active (intermediate) and strongly
active (SF). With the only exception of a blue compact galaxy,
all SF galaxies exhibit late-type morphology. The total SFR of
the Perseus cluster is estimated to approximately 115M yr−1
(Sect. 7.1).
We identified 20 (mostly low-luminosity) AGN from opti-
cal, infrared and radio data. The AGN sample consists of two
approximately equal-sized distinct sub-samples of jet-mode and
radiative-mode AGN (Sect. 7.2). Jet-mode AGN clearly prefer
early-type hosts (75%) and the central cluster region with its
high local (projected) density. Radiative-mode AGN are prefer-
ably found in late-type galaxies (70%) outside the cluster core,
similar to the SF galaxies (Sect. 7.3).
About 8% of the cluster galaxies were found to show mor-
phological peculiarities indicative of some kind of substantial
distortion. About 80% of the peculiar galaxies populate the outer
cluster region at R ≥ 0.5 Mpc where the peculiarity fraction fp is
about three times larger than at R < 0.5 Mpc. This result can
be explained by the rarity of fragile discs in the cluster core
in combination with expected differences in the observability
of tidal structures between the dense core and the outer clus-
ter (Sect. 8.1). More data, in particular higher resolution images,
and detailed modelling of the individual galaxies are necessary
to assign the observed peculiar structures to the various types of
interactions expected in the cluster environment. The peculiarity
fraction of the SF sample is about five times higher than that of
the parent galaxy samples. All peculiar SF galaxies are found at
R ≥ 0.5 Mpc (Sect. 8.2). For the AGN sample fp is also larger
than that of the parent samples but smaller than that of the SF
sample (Sect. 8.2). A few galaxies with conspicuous morpholog-
ical peculiarities were presented and discussed individually (Ap-
pendix B). In several cases, the peculiar morphology seems to
indicate galaxy mergers. A remarkable example is the peculiar
elliptical galaxy IC 311, which seems to host a jet-mode AGN
and is probably a down-scaled version of NGC 5128 (Cen A) and
one of the nearest known GPS radio sources. We also presented
J032853.7+400211 as a so far unnoticed candidate for the rare
class of Hoag-type ring galaxies.
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Appendix A: Catalogue description
The catalogue contains 41 columns of 1294 galaxies. The content in each column is described in Table A.1.
Table A.1. Catalogue columns.
01 Number Running catalogue number
02 ID Object designation hmmss.s+ddmmss (J2000.0)
03 RA Right ascension in decimal degrees (J2000)
04 DE Declination in decimal degrees (J2000)
05 otherName Cross ID
06 BM99 Catalogue number in the Brunzendorf & Meusinger (1999) catalogue
07 R Cluster-centric distance in arcmin
08 z Spectroscopic redshift
09 source_z Source of spectroscopic redshift
(1,2: TLS-CA survey, 3: SDSS, 4: other sources from NED, 5: Sakai et al. (2012))
10 Halpha Hα detection flag
(0-3 from TLS survey where 0:no,1:weak,...,3:strong; 4 from Sakai et al. (2012))
11 cl1 Numerical descriptor of morphological class
(0: unclassified, 1: E, 2: E/S0, 3: S0, 4: S/S0, 5: Sa, 6: Sb/Sc, 7: S/Irr, 8: Irr, 9: merger)
12 flag_cl1 Reliability flag for cl1 (1: low, 2: moderate, 3: high)
13 cl2 Description of morphological type
14 pec Numerical descriptor of the peculiarity type
(1: weakly lopsided, 2: strongly lopsided, 3: minor merger, 4: early major merger,
5: intermediate major merger, 6: late major merger, 7: M51 type, 8: collisional ring, 9: others)
15 flag_pec Reliability flag for pec (1: low, 2: moderate, 3: high)
16 fracDeV Coefficient of the de Vaucouleurs term in the surface brightness profile fit
(clipped between zero and one)
17 source_fD Source of fracDeV (1: SDSS, 2: TLS-CA)
18 umag SDSS model magnitude in the u band
19 gmag SDSS model magnitude in the g band
20 rmag SDSS model magnitude in the r band
21 imag SDSS model magnitude in the i band
22 zmag SDSS model magnitude in the z band
23 Jmag 2MASS XSC magnitude in the J band
24 Hmag 2MASS XSC magnitude in the H band
25 Kmag 2MASS XSC magnitude in the K band
26 W1mag WISE magnitude in the W1 band
27 W2mag WISE magnitude in the W2 band
28 W3mag WISE magnitude in the W3 band
29 W4mag WISE magnitude in the W4 band
30 EBV) Galactic foreground reddening E(B − V) from Schlafly & Finkbeiner (2011)
31 clustMemb Spectroscopic cluster membership flag (1: established member, 0: established non-member)
32 MLS_W1_flag Membership flag for the MLS_W1 sample (0:non-member, 1: member)
33 MLS_ur_flag Membership flag for the MLS_ur sample (0:non-member, 1: member)
34 absMag_r Absolute SDSS r band magnitude
35 WHAN_type Spectral type from the WHAN diagram
(1: SF, 2: sAGN, 3: wAGN, 4: retired)
36 log_SFR Decadic logarithm of star formation rate (M yr−1)
37 log_Mstar Decadic logarithm of stellar mass (M)
38 bl_flag Broad emission line flag (1: broad lines indicated)
39 log_XMMflux Decadic logarithm of mean XMM flux in 0.2-12 keV (mW m−2)
40 log_NVSSflux Decadic logarithm of integrated 1.4 GHz flux density (mJy)
41 q FIR-to-radio flux density ratio from Miller & Owen (2001)
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Appendix B: Individual peculiar galaxies
Appendix B.1: Individual peculiar AGN host galaxies
The AGN galaxy sample from Table 11 includes 12 galaxies
with a peculiarity parameter pec > 0. The half of the sub-sample
of peculiar AGN galaxies belongs to the IRAS sample that was
discussed previously (Meusinger et al. 2000), including the
hosts of the two optically brightest cluster AGN NGC 1275
(#691) and UGC 2608 (#278). In addition, remarks on the
morphology of UGC 2618, PGC 12166, J031645.9+401948,
NGC 1260 and PGC 12535 can be found there. Here we present
the six remaining peculiar systems from Table 11.
(1) J031646.7+400013 (#398, IC 311)
This galaxy is classified as a LERG. In the optical, the eye-
catching morphological feature is an unusual absorption struc-
ture in an otherwise nearly featureless system of approximately
elliptical shape (Fig. B.1 left). An extended (∼ 20 kpc), strong
dust lane hides the centre of the galaxy. A second, slightly
weaker dust lane runs roughly parallel. IC 311 was sometimes
classified as spiral. We do not find any evidence of an extended
stellar disc in the optical image. The global distribution of the
stellar light is ellipsoidal, slightly lopsided with some very faint
fuzzy structures. The radial optical surface brightness profile (af-
ter subtraction of foreground stars) is nearly perfectly matched
by de Vaucouleurs’ r1/4 law (Fig. B.1 right). Images of IC 311 in
the J, H and K bands at sub-arcsec resolution were obtained with
the OmegaCass camera at the 3.5 m telescope at Calar Alto by
one of us (D. A.). The K-band image (Fig. B.2) reveals a com-
pact NIR core. In addition, a weak, linearly extended (diameter
<∼ 2 kpc) emission structure is seen that is positionally coinci-
dent with the bottom side of the upper dust lane. A plausible
interpretation of this peculiar morphology is a ring-like or disc-
like component containing lots of cold interstellar matter caused
by a previous capture of a gas-rich system by a more massive
E galaxy, reminiscent of the prototypical nearby AGN galaxy
NGC 5128 (Cen A).
Fig. B.1. Surface brightness distribution of J031646.7+400013 (#398).
Left: composite BRgri image (side length 2′). Right: Radial surface
brightness profile from the cleaned optical image (crosses) compared
with the best-matching de Vaucouleurs profile (solid curve).
Figure B.3 shows the SED based on broad-band magnitudes
from SDSS, 2MASS and WISE. In addition, estimated upper
limits of IRAS fluxes at 60 µm and 100 µm from IPAC XS-
CANPI (taken from Miller & Owen 2001) are plotted. For most
of the measured fluxes the error bars are smaller than the sym-
bol sizes, but it can be assumed that the real errors are larger
because of the low Galactic latitude. We used the SWIRE li-
Fig. B.2. K band surface brightness distribution of J031646.7+400013.
Left: direct image (side length 14′′). Right: contour plot (logarithmic
scale). N up, E left.
brary of galaxy template spectra from Polletta et al. (2007)16 for
a spectroscopic classification. Instead of correcting the observed
fluxes, the uncorrected data were plotted in the observer frame
and the template was redshifted and reddened using the Galactic
reddening law with E(B−V) = 0.175. A 13 Gyr old single stellar
population template (Ell 13) provides the best fit in the optical
and NIR but is too faint in the MIR. On the other hand, the 2 Gyr
old E (Ell 2) provides the best match from NIR and MIR but has
too much emission at shorter wavelengths. As a compromise,
we plotted a composite model where the younger (2 Gyr) stel-
lar population contributes 5% to the K-band flux and is assumed
to be reddened with E(B − V) = 1.0 (assuming Galactic dust).
A more detailed modelling is beyond the scope of the present
paper.
IC 311 was observed in January 2003 with the bolometer of
the 30 m IRAM telescope on Pico Veleta, Spain. We derived a
continuum flux of 8.7 ± 1.1 mJy at 1.3 mm, about two orders of
magnitude higher than predicted by the stellar population model.
NGC 5128 scaled to the distance of the Perseus cluster would
have an only 2.5 times higher flux. Thus, IC 311 seems in fact
to be a down-scaled version of NGC 5128. Fitting the SED at
1.3 mm would obviously require to assume a substantial cold
dust component of about 20 K (e.g. Braine et al. 1995).
Fig. B.3. Observed SED of J031646.7+400013 in two different styles
(filled symbols, downward arrows for upper limits) and fitted galaxy
template (solid curve).
The centre of IC 311 is positionally coincident with an
unresolved NVSS radio source. The SPECFIND V2.0 catalogue
(Vollmer et al. 2010) lists six measurements at four different
radio frequencies (325 MHz, 1.4 GHz, 4.85 GHz, and 8.4 GHz).
Three different data are available at 4.85 GHz where one data
16 http://www.sedfitting.org/Data.html
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point was excluded by the SPECFIND procedure as the flux
does not match the spectrum. The best fit of the remaining
five data points results in a radio spectral index α = 0.27
(for S ν ∝ ν−α) signifying a flat radio spectrum typical of the
compact cores of radio AGN. The degree of polarisation is low
(7% at 8.4 GHz, Jackson et al. 2007). The clear detection of a
point-like source in the radio image from the TGSSADR Image
Cutout Service (Intema et al. 2017) provides an additional data
point at 148 MHz. We estimated a flux density of (30 ± 4) mJy,
but we note that the true value might be about 20% lower
because the source is located in a region affected by imaging
artefacts. The resulting radio spectrum S ν(ν) (Fig. B.3 right)
seems to have a peak between one GHz and a few hundreds
MHz, thus resembling gigahertz peaked-spectrum (GPS) and
compact steep-spectrum (CSS) radio sources (O’Dea 1998).
Flux densities from the ongoing LOFAR HBA 120-168 MHz
wide-area survey (Shimwell et al. 2019) will be helpful to
establish the shape of the spectrum. The two main competing
models for the GPS and CSS sources are they are young and
evolving radio sources or they are old sources confined by
interaction with dense gas in their environment (O’Dea 1998).
Remarkably, IC 311 shares several other properties of GPS/CSS
AGN: compact radio morphology, low polarisation, low X-ray
luminosity, and peculiar morphology of the host galaxy. If
confirmed, IC 311 would be one of nearest members of this rare
object type. The largest sample of GPS and CSS radio sources
(Liao & Gu 2020) contains only two sources at comparable
redshift, both at z = 0.025.
(2) J031755.2+405536 (#485, UGC 2642)
In addition to its pronounced bar, this galaxy shows an extended
lopsided morphology and a system of faint arc-like structures
(Fig. B.4). Both properties most indicate a previous accretion of
a dynamically cold stellar system. There is perhaps a second,
fainter nucleus about 2.5′′ (∼ 0.9 kpc) SW of the brighter core.
The system is classified as passive based on the SFR data
from Chang et al. (2015) (Fig 24) and as intermediate based
on the WISE colours (Fig. 26). However, the optical spectrum
positions the core of this galaxy into the sAGN area of the
WHAN diagram (Fig. 25).
Fig. B.4. J031755.2+405536 (#485). Left: composite Rgri image (side
length ∼ 1′). Right: unsharp masked R band image. N up, E left.
(3) J031927.4+413807 (#656, UGC 2665)
This is a giant disc galaxy with an irregular, asymmetric spi-
ral pattern starting from a blue inner ring at a galactocentric
distance of about 3 kpc. The eastern part of the disc, outside
the ring, shows some irregular structure (Fig. B.5, left), which
might have been caused by the interaction with the smaller
galaxy that is seen to the south of J031927.4+413807 (Fig. B.5,
right). The latter shows an extended low-surface brightness po-
tentially tidal tail that points directly towards the distorted re-
gion. J031927.4+413807 has a star-like nucleus and is spectro-
scopically classified as a wAGN. It is detected as a Hα source,
its SDSS magnitudes are consistent with a green valley galaxy.
The projected cluster-centric distance amounts to about 180 kpc,
less than the core radius.
Fig. B.5. J031927.4+413807 (#656). Left: SDSS gr composite of the
distorted part of the disc (side length 0′.8). Right: Rgri composite image
of a larger field (side length 1′.4) showing the galaxy together with a
smaller neighbour. N up, E left.
(4) J031934.2+413450 (#667, PGC 12405)
This galaxy was identified with a radio source (Miller & Owen
2001) but was excluded from our AGN list after the inspection of
NVSS and TGSS images. On the other hand, it was classified as
a X-ray AGN by Santra et al. (2007) and thus it is included here
in the AGN subsection. At first sight, this galaxy looks like an el-
liptical with a strong isophote twist (Fig. B.6, left), similar to the
Perseus cluster galaxy presented by Conselice et al. (2002, their
Fig. 12). However, the right panel of Fig. B.6 shows that the outer
part of the radial surface brightness profile follows an exponen-
tial law. As a whole, the radial surface brightness profile is well
fitted by the combination of a bright, elongated ellipsoidal bulge
with a slightly inclined, extended disc of low surface brightness.
The major axis of the projected disc is tilted at an angle of about
60◦ to the major axis of the bulge. Non-axialsymmetric bulges
are known to efficiently feed gas towards the centre and to trig-
ger nuclear activity (Kim et al. 2018).
Fig. B.6. J031934.2+413450 (#667). Left: R band image at high con-
trast. Right: surface brightness and position angle PA as function of
distance r from the centre along the major axis after subtraction of the
foreground stars. N up, E left.
(5) J031954.4+420053 (#711)
Because viewed nearly edge-on, the morphological classifica-
tion of this galaxy remains uncertain (S/S0). A dust lane is seen
crossing the centre, but there is no indication of spiral structure.
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In the high-contrast image, a small low-surface brightness fea-
ture is indicated at the northern edge of the disc. The spectral
classification as wAGN is based on the WHAN diagram.
Fig. B.7. J031954.4+420053 (#711). Left: SDSS gri image at low con-
trast (side length 0′.9). Right: the same at high contrast. N up, E left.
(6) J032634.7+414143 (#1231)
This HERG is morphologically classified as a peculiar S0 or E.
The peculiarities are diffuse extended components at either side
of the galaxy (Fig.B.8). At high contrast (right panel), a one-
armed spiral structure of low surface brightness becomes visible
that surrounds the main body and might indicate a stellar stream
from the tidal relic from an infalling smaller system. The star-
like object close to the centre seen in the left panel is very likely
a foreground star.
Fig. B.8. J032634.7+414143 (#1231). Left: SDSS gri image at low con-
trast (side length 1′). Right: the same at high contrast. N up, E left.
Appendix B.2: Individual peculiar SF galaxies
Figure B.9 presents six morphologically peculiar galaxies that
do not belong to the IRAS sample but have MIR colours
characteristic of active star formation. A short description of the
peculiarities is given below.
(1) J031411.7+413336 (#234)
The bright lenticular central component is embedded in an
extended low-surface brightness halo that shows some brighter
lopsided structures in the SW and an arc-like feature in the NW
corner. These structures probably indicate the late stage of a
major merger.
(2) J031633.9+420133 (#379)
This is probably another late major merger. The inner structure
is non-centric and complex with two brightness peaks at a
Fig. B.9. Six distorted SF galaxies in the Perseus cluster (logarithmic
intensity scale; N up, E left). Top (left to right): J031411.7+413336
(0′.5), J031633.9+420133 (0′.9). Middle: J031930.3+404430 (1′.0),
J032235.4+412357 (0′.6). Bottom: J032700.4+402838 (0′.6),
J032739.9+405349 (0′.7). The number in parentheses is the edge
length of the field in arcmin.
separation of about 4′′, the outer part appears slightly lopsided.
With its strong Hα emission and substantial Balmer absorption
(EW(Hδ) = -4 Å) this galaxy resembles the type of E+A
(post-starburst) galaxies. The SDSS colours place it into the
blue cloud.
(3) J031930.3+404430 (#660, UGC 2664)
This is one of the faintest spectroscopic cluster members
(z = 0.0178) in our catalogue. In the WHAN diagram, this
blue galaxy lies in the sAGN part but close to the SF border.
Because there is no substantial core and SF extends over the
whole galaxy, the classification as a SF galaxy appears to be
more applicable. It is however not included in the SF sample
from Sect. 7.1.5 because of its faint magnitude W2 = 16.01. The
morphology is very unusual: a bar-like component with several
knots and irregular structures at either end, perhaps forming two
ring-like components.
(4) J032235.4+412357 (#986)
The spiral structure of this two-armed spiral galaxy is clearly
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distorted, perhaps by a minor merger with a small galaxy seen
between the core and the northern spiral arm. In addition, there
seems to be a fainter double of the spiral structure, shifted in
western direction by a few arcseconds. Because of the relatively
small projected cluster-centric distance of 730 kpc, one might
speculate that this structure is related to ram pressure stripping.
(5) J032700.4+402838 (#1244)
The compact core of this galaxy is surrounded by a concentric
ring-like structure with several knots. The SW part of the ring is
brighter and seems to be related to a second component to the
SW of the core and ring. This very peculiar system is probably a
collisional ring galaxy.
(6) J032739.9+405349 (#1269)
This is an unusual three-armed barred spiral galaxy. Two arms
begin at either side of the bar, while the third arm is probably a
tidally disrupted infalling galaxy.
Appendix B.3: Other conspicuous galaxies
Figure B.10 presents six morphologically peculiar systems
that were not classified as SF galaxies or AGN hosts. A short
description of the peculiarities is given below.
(1) J031821.6+410422 (#531, BM 183)
The spiral structure of this galaxy is clearly distorted, though
a detailed evaluation of the morphology is difficult due to the
bright foreground star superimposed with the central region of
the galaxy. In the WHAN diagram, the system lies in the SF
region. The WISE colours classify it as an intermediate system.
(2) J031845.2+412919 (#203, NGC 1268)
The outer arms of this two-armed spiral galaxy are asymmetric,
perhaps caused by a tidal interaction with the giant E galaxy
NGC 1267 to the south of NGC 1268. Both systems belong to
the chain of bright galaxies in A 426. In the WISE colour-colour
diagram, NGC 1277 lies in the intermediate region.
(3) J031904.7+412807 (#613, PGC 12358)
This system was originally classified as a merger. However, the
complex morphology turned out to be caused by the chance
superposition of a Perseus cluster galaxy at z = 0.0134 with
a background system at z = 0.0519. The cluster galaxy is an
edge-on disc without any obvious peculiarities. The background
system is perhaps a merger.
(4) J032524.7+403213 (#1163, PGC 12797)
Although the analysis is hampered by a bright foreground star,
the image clearly reveals a ring with a substantial number of
SF regions embedded in an irregular structure. The system lies
in the SF region of the WHAN diagram and is positionally
coincident with a radio source with q = 2.24.
(5) J032810.7+400948 (#1285, BM 622)
This small galaxy is strongly lopsided. With W2 − W3 = 3.3 it
belongs to the intermediate class but close to the SF regime.
(6) J032853.7+400211 (UGC 2751)
This galaxy is just outside the area covered by the present cat-
alogue but was listed as a Perseus cluster galaxy by Brunzen-
dorf & Meusinger (1999). We decided to add it to this selec-
tion of peculiar galaxies because it may be another candidate
of the very rare class of Hoag-type ring galaxies. The morphol-
Fig. B.10. Another six peculiar Perseus cluster galaxies (logarithmic
intensity scale; N up, E left). Top (left to right): J031821.6+410422
(0′.8), J031845.2+412919 (1′.8). Middle: J031904.7+412807 (0′.8),
J032524.7+403213 (0′.8). Bottom: J032810.7+400948 (0′.6),
J032853.7+400211 (1′.0). The number in parentheses is the edge
length of the field in arcmin.
ogy resembles Hoag’s object (Hoag 1950) in that it appears to
show a nearly complete ring surrounding a roundish core. The
outer diameter of the ring is approximately 20 kpc if the galaxy
(z = 0.0241) is at the distance of A 426. The spectrum of the
core is dominated by an old, red stellar population, the ring ap-
pears slightly bluer. Possible scenarios for the ring formation
in Hoag-type galaxies include resonances in the disc, collision
with a small gas-rich galaxy, or the accretion of cold gas (Brosch
1985; Schweizer et al. 1987; Buta & Combes 1996; Finkelman
& Brosch 2011; Finkelman et al. 2011). In contrast to Hoag’s
object, but similar to the Hoag-type galaxy NGC 6028 (Waka-
matsu 1990), the core of UGC 2751 appears to be slightly elon-
gated, reminiscent of a faint bar embedded in a lens and there is
luminous material between the core and the ring with a nearly
exponential surface brightness profile (scale length ≈ 1.6 kpc).
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